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ABSTRACT
Gas Phase Structure Characterization of Host-Guest Systems
Using Ion Mobility Spectrometry
Jamir Shrestha
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
This dissertation focuses on the investigation of gas-phase characteristics of cucurbituril
host-guest systems using ion mobility spectrometry (IMS) and related techniques. Collision
cross-sections (CCS) of alkylammonium complexes of cucurbit[n]uril (CB[n]) are
measured to understand the allosteric interactions that induce conformational changes in the
complex in the presence of metal cations on one of the portals of the cucurbit[6]uril (CB[6]) host.
Cationic species on one CB[6] rim sterically force longer linear alkylammonium guests out of
the cucurbituril cavity during complex formation.
Similarly, rigid cucurbituril-metal
complexes were studied using IMS to demonstrate the effect of long-range ion-neutral
interactions on the gas phase mobility of ions. The contributions of charge state and charge
distribution to the ion mobility CCS measured using a drift tube ion mobility spectrometer
(DTIMS) were studied. This IMS method characterization will help in the study of
biomolecules and may answer some of the questions regarding CCS measurements in protein
structures, that are still being debated. While most of the studies were done using an IMS
system, this dissertation also includes gas phase characterization studies done using Fourier
transform ion cyclotron resonance (FTICR) mass spectrometry. A novel gas-phase CCS
measurement technique – cross sectional areas using Fourier transform ion cyclotron
resonance mass spectrometry (CRAFTI) was attempted on bigger systems like the
[cucurbit[6]uril-n-alkylammonium]+ complexes. Infrared multi-photon dissociation (IRMPD),
collision induced dissociation (CID), and sustained off-resonance irradiation (SORI) studies were
done on many CB[n] systems, which helped to extract useful structural information about
the complexes.

Keywords: Cucurbit[n]uril, IMS, DTIMS, FTICR, IRMPD, CRAFTI, SORI, CID
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CHAPTER 1: Introduction

1.1

Background
Mass spectrometry originally started in the early 20th century as a tool to measure masses

of atoms; it soon demonstrated the existence of isotopes.1, 2 It was used in the petroleum industries
beginning roughly in the mid-1940s to study the abundances of hydrocarbons.3 The invention of
new ionization techniques along with the development of fragmentation techniques led to the huge
popularity of mass spectrometry in natural product science and biochemistry. In 1984, a new
ionization technique, electrospray ionization, was reported by John Fenn.4 He later used this
technique to analyze biological macromolecules for which he along with the developers of matrixassisted laser desorption ionization (MALDI), an important ionization technique to study
biomolecules, was awarded the Nobel Prize in Chemistry.4-6 Ever since, the scientific community
has embraced mass spectrometry and today, it is one of the most popular disciplines in science and
technology. Some applications of mass spectrometry include drug testing and discovery, isotope
ratio determination, pesticide residue analysis, protein identification, food contamination detection
and carbon dating.7-13
Ion mobility spectrometry (IMS)14-16 is a popular mass spectrometric technique used to
separate ions in the gas phase. It is based on the mobility of ions in a buffer gas under the influence
of an electric field. Although it is widely perceived as a modern technique, its origins date back to
1896 in a study by Thomson and Rutherford where they investigated the relationship between
electrical conductivity and gaseous media.17 It was only during the 1960s that scientists became
interested in making use of its rapid separation capabilities and high sensitivity.18 Since this work

1

resulted in an atmospheric pressure device which could rapidly screen chemical vapors for trace
quantities, there was exponential growth in the production and use of these devices.17 19, 20
Initially, IMS was introduced as a standalone device. However, over the years, IMS has
been coupled with mass spectrometry (IMS-MS), which has provided additional advantage due to
the possibility of separations in both the mobility and mass dimensions.21 The first commercial
analytical tool that adapted IMS-MS was introduced by Waters Corporation in 2006. It was a new
hybrid quadrupole/travelling wave IMS/oa-ToF instrument called the Waters Synapt HDMS.22
This raised interest in both academic and industrial professionals and there was exponential growth
of MS platform-based mobility separation devices produced by multiple developers.
1.2

Motivation
Mass spectrometry is an integral part of modern chemical technology. It is an indispensable

analytical tool that is used in many science disciplines including biochemistry23, pharmacy24, 25,
astronomy26 and even information technology27. While popular mass spectrometric techniques like
gas chromatography (GC-MS)9 and liquid chromatography (LC-MS)28 have been steadily used
over the years, the IMS technique is a new breakthrough that has been heavily used by a large
number of scientists working on separation science. With the development of ion mobility (IM)
techniques that work at atmospheric pressure, it is possible that IM will replace many other
separation techniques in a few years. This dissertation addresses the use of IM techniques to study
supramolecular structures like cucurbiturils.
The synthesis of hosts like cucurbiturils, which are able to form mechanically interlocked
molecules such as rotaxanes29, has been one of the most significant developments in
supramolecular chemistry. The important functional aspects of these complexes include molecular
machines and switches based on rotaxanes.30 Therefore, I have tried to explore properties of
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cucurbiturils using CCS measurements with an IMS device. Furthermore, the rigid structural
property of cucurbiturils gave rise to the idea of method characterization in IMS instruments, in
an attempt to better reconcile CCS calculations with experimental measurements.
1.3

Gas Phase Host-Guest Cucurbituril Systems

1.3.1 Cucurbiturils
Cucurbit[n]urils (CB[n])31 are supramolecular structures that have attracted research
interest because of their unique molecular recognition properties and potential applications in
biomedical science and industrial chemistry. These are hollow, pumpkin-shaped macrocyclic
molecules having molecular mass between 800-1500 g/mol, that contain “n” glycouril monomer
units linked by methylene bridges.31, 32 The hydrophobic inner cavity and the polar portals arising
from the presence of carbonyl oxygen atoms give cucurbiturils the ability to act as synthetic
molecular containers. They show high regio- and stereo-selectivity with specific guest molecules
during bimolecular reactions. 33, 34

Figure 1-1: A Cucurbit[6]uril model made in Spartan software.

CB[6] is a member of the cucurbit[n]uril family that contains 6-glycouril monomer units and
readily binds with cationic species such as alkylammonium ions.33, 35 CB[n]-alkylammonium hostguest interactions are one of the fundamentals that has led to the investigation of different branches
of CB chemistry.35, 36 Since alkylammonium ions can have isomeric structures such as branched
and unbranched alkyl groups of different chain lengths, they are a good representation of many of
3

the possible guests of different sizes and shapes that a CB[n] host can bind. Moreover, the end(s)
of the tail, which contain ammonium ion(s) and the alkyl body, makes these simple guests that
easily bind with the CB host.37 While much research has been done on the condensed phase
chemistry of CB[6]-alkylammonium complexes,38-40 most of their gas phase chemistry is yet to be
known. Inclusion complexes for CB[6]•alkyldiammonium complexes have been reported in the
past.41 However, the structures of CB[6]-monoalkylammoniums in the gas phase are not well
characterized. Unlike CB[6]-alkyldiammoniums, CB[6]- alkylmonoammoniums can adopt several
different conformations and two logical conformers seem most likely: 1) a tail-in (inclusion)
structure where the alkyl chain is bound internally to CB[6] and the ammonium end is bound to
one of the carbonyl-lined portals; and 2) a tail-out (exclusion) structure where the alkyl chain is
external to CB[6] and the ammonium end is coordinated to one of the carbonyl-lined portals
(Figure 1-2). The other feature of a CB[6]- alkylmonoammonium complex is the fact that they
allow a second cation guest in the complex. CB[6]- alkylmonoammonium easily complexes with
a metal cation like Na+ or a second alkylmonoammonium ion and their structure in the gas phase
is a subject of this dissertation. Cross-section measurement is one effective approach to address
this problem. The goal of this research is to apply this approach in understanding the host-guest
interactions of CB[6] complexes in the gas phase. A well-established analytical technique, ion
mobility spectrometry (IMS) is used for determining the collision cross section of
CB[6]•alkylammonium complexes and to study the effects of introducing an alkali metal (like Na+)
into the complex. Additionally, collision induced dissociation (CID)

42, 43

resonance irradiation collision-induced dissociation (SORI-CID)44,

techniques are used to

45

and sustained off-

understand the dissociation pathways of the complexes which would further illuminate the crosssection results.
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Figure 1-2: Guest-in and guest-out conformational isomers of [CB[6]-Pentylammonium]+

The presumption is that it may be possible to induce a change in conformation of
alkylammonium complexes by introducing a metal ion at one of the portals of CB[6]. Hence, if
the topology can be changed by adding alkali metal ions, that would provide a way to easily switch
the structure as might be needed in a molecular machine.29 This also might help in understanding
how similar topological/allosteric changes happen in biomolecular structures. It is further
postulated that the structural changes can be detected using cross-section determination of the
complex, which will also help clarify the intermolecular interactions within CB[6] complexes.
1.3.2

Importance
Cucurbituril complexes are generally considered good models for understanding bigger

systems.46 Their unique host-guest chemistry and their ability to form interesting supramolecular
assemblies have now established them as a distinct area of supramolecular chemistry. Some of
their latest applications include redox control of guest binding,47 formation of a macrocycle within
a macrocycle,36, 48 multiple guest inclusion, 49, 50encapsulation of drugs,39 promotion of reactions
via regio- and stereochemical control,51 and stabilization of unstable species by encapsulation.52,

5
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Cross-section measurements add an extra element to all of these studies as they are often

indicative of shape information and help in understanding the intermolecular interactions within
the complex. For these systems, information on how the alkylammonium molecules bind with
CB[6] and the effect of introducing a second cation in the complex will be obtained. While the
study helps in exploring CB complexes, these measurements can also be used as prototypes to
understand important biochemical phenomena like membrane transport processes as CB
complexes in some ways resemble channel proteins. 35
1.4

Principle of IMS Devices
In an ion mobility instrument the separation of ions occurs in a buffer gas environment

with the help of an electric field. The ions migrate through the buffer gas due to the applied electric
field (E) with a velocity 𝑉𝑉𝑑𝑑 which is correlated to the specific analyte's mobility (K). The value of
K is calculated using the following equation:

𝐾𝐾 =

𝑉𝑉𝑑𝑑

(1-1)

𝐸𝐸

The ions in a drift tube are separated by their differences in mobility through space or time. In a
constant electric field, smaller ions and ions with higher charge states travel faster. The mobility
of each ion, K, depends on experimental parameters like pressure and temperature. These values
are normalized to standard conditions and hence reduced mobility Ko is calculated using the
following equation:

𝑝𝑝𝑇𝑇𝑜𝑜

(1-2)

𝐾𝐾𝑜𝑜 = 𝐾𝐾 𝑝𝑝

𝑜𝑜 𝑇𝑇
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The measured mobility is then converted to a collision cross section (CCS or Ω) value using the
Mason-Schamp equation16, 54, which is given by:

Ω=

1
3
2𝜋𝜋 2
�
� 𝑧𝑧𝑧𝑧�
16 µ𝑘𝑘𝑘𝑘𝑘𝑘

�

(1-3)

𝑁𝑁𝑜𝑜 𝐾𝐾𝑜𝑜

In the above equation, the parameters are: e, charge of an electron; z, charge of the ion; No, density
of buffer gas; µ, reduced mass of collision gas, kb, Boltzmann constant; and T, the drift region
temperature.
In a standard drift tube ion mobility (DTIM)55 experiment, ions experience a uniform
electric field region in the presence of a neutral buffer gas. The drift time of the ion is a function
of the drift tube length, drift gas pressure, temperature, electric field strength, and masses of the
neutral gas and the ion. Hence, the Mason – Schamp equation can be expressed by equation 4.55

Ω=

1

(18𝜋𝜋)2
16

𝑧𝑧𝑧𝑧

1
(𝑘𝑘𝑏𝑏 𝑇𝑇)2

1

1

�𝑚𝑚 + 𝑚𝑚 �
𝑖𝑖

𝐵𝐵

1
2

𝑡𝑡𝐴𝐴 𝐸𝐸 760
𝐿𝐿

𝑇𝑇

1

(1-4)

𝑃𝑃 273.15 𝑁𝑁

The additional parameters of this equation are: mi, mass of ion; mB, mass of buffer gas, tA,
measured arrival time; L, length of drift tube; P, drift tube pressure and N, number density of buffer
gas at standard temperature and pressure. A basic assumption in the above equation is that the ion
motion is under low-field conditions and hence ion heating is not appreciable between the
collisions. 55, 56
The IMS CCS represents rotationally averaged cross sectional area of the molecule and its
interaction with the buffer gas, which depends on the size and shape of the molecule in the gas
7

phase. The CCS value in the Mason-Schamp equation is defined as a function of multiple
experimental parameters which must be well-characterized to enable accurate measurements.
1.4.1

IMS Instrumentation
Different IMS based platforms have been developed over the years. Though the

fundamental principles are similar for all of the methods, they use unique ion separation techniques
which have their own pros and cons. Some of the important techniques are discussed below.
1.4.1.1 Drift Tube Ion Mobility Spectrometry (DTIMS)
DTIMS 16, 18, 57 (Figure 1-3) is one of the original IMS designs, which is relatively simple
regarding the operation and the measurement of mobility of ions in the gas phase. The DTIMS
platform has been used by popular vendors for mass spectrometry (eg. Agilent, Excellims, etc). A
standard DTIMS system is operated at uniform field along with high purity gases which have well
defined pressure and temperature conditions. The uniform field that is maintained throughout the
drift region enables the analyte ions to flow through a constant pressure buffer gas which is
stationary. This allows the simplest measurement of the mobility of each ion, K, and therefore
facilitates calculating CCS values using the Mason-Schamp equation. Since the measurement is
done using fundamental ion mobility principles, well-characterized CCS values obtained from
DTIMS are used for calibration of other IMS platforms (eg, TWIMS, TIMS, etc.).
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Figure 1-3: A schematic representation of a commercial IM-MS instrument. Reprinted
with permission from “An Interlaboratory Evaluation of Drift Tube Ion Mobility–Mass
Spectrometry Collision Cross Section Measurements. Anal. Chem. 2017, 89 (17), 90489055. Copyright (2017) American Chemical Society.”

1.4.1.1.1 Single-field CCS Method
Most DTIMS experiments are conducted in a CCS-calibrated mode, which is also referred
as the single-field CCS method55, 58. This helps to maintain an analytical timescale which can be
expressed as a chromatographic timescale. A calibration equation to convert the arrival time (tA)
to a CCS value in single electric field can be expressed as follows:

𝑡𝑡𝐴𝐴 =

𝛽𝛽
𝑧𝑧

�𝑚𝑚

𝑚𝑚𝑖𝑖

𝐵𝐵 +𝑚𝑚𝑖𝑖

1
2

(1-5)

� Ω + 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓

In the above equation, β is the slope and tfix is the intercept which can be determined from the
regression of standard CCS values for tune mix calibrant ions. Thus, CCS values for compounds
with different m/z values can be measured at the same electric field, provided that all other
experimental settings are the same.
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1.4.1.1.2 Stepped Field CCS Method
The measured arrival time (tA) of the ions moving along the DTIMS instrument includes
the time spent by ions in each region of the instrument, which includes the high pressure region,
ion funnels and the other ion transfer optics, the mass spectrometer and the drift tube. It is shown
below in equation 1-6.

𝐿𝐿2

273.15

𝑃𝑃

(1-6)

𝑡𝑡𝐴𝐴 = 𝐾𝐾 � 760𝑇𝑇 � �𝑉𝑉� + 𝑡𝑡0
𝑜𝑜

Here, t0 is the time of the ions in the other regions of the instrument except the drift region, so the
time spent by the ions solely in drift tube is given by (tA-t0).
Determining the contribution of t0 in a uniform field DTIM-MS can be more feasible and accurate
by varying the electric field used for ion mobility dispersion, which is called the stepped field
method.55,

59

The electric field is varied, changing the mobility of the ions and affecting the

magnitude and reproducibility of the resulting CCS. At low voltages, the mobility of a given ion
has a broad range of times, whereas, at high voltages, the mobility distribution is narrow.
Therefore, for more accurate results, the CCS is measured at multiple electric fields (usually 6-8
different voltages) ranging from approximately 900 V to 1700 V.55
1.4.1.2 Traveling Wave Ion Mobility Spectrometry (TWIMS)
TWIMS 60 (Figure 1-4) was first commercially introduced in 2006 by Waters Corporation.
Unlike DTIMS, it applies an oscillating electric field that induces the ions to move through the
drift gas at a reduced pressure (2-4 Torr).61, 62 The other important factor that makes it different
from a conventional drift tube ion mobility system is the presence of RF confinement that is used
to focus the ion packet during its motion in the drift region. This reduces ion diffusion and hence
10

improves the signal intensity. Each TWIMS device is calibrated using ions of known mobility
(usually polyalanine) before calculating the CCS values of unknown ions. The low voltage
requirements and the possibility of increasing the path length of ions without significant loss of
ion signal has made TWIMS a popular ion mobility technique in recent years. The longer path
lengths provide better mobility separations and better resolutions.

Figure 1-4: Schematic showing commercially available travelling - wave ion mobility
spectrometry(TWIMS) interfaced with a quadrupole-time-of-flight mass spectrometer.
Reprinted from an open access article. Source: Woods, L. A., Radford, S. E., & Ashcroft, A.
E. (2013). Advances in ion mobility spectrometry–mass spectrometry reveal key insights into
amyloid assembly. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics, 1834(6),
1257-1268.

1.4.1.3 Trapped Ion Mobility Spectrometry (TIMS)
TIMS63 is one of the latest IMS technologies, commercialized by Bruker Daltonics. While
DTIMS and TWIMS methods use static drift gas, TIMS uses a unidirectional buffer gas flow
towards the mass analyzer. It also uses an opposing electric field that slows the ejection of ions to
11

the mass analyzer. An electric field of approx. 70V/cm is used which is gradually decreased to
release the ions of specific mobilities to the detector. Therefore, the scanning operation is specific
to each ion of interest in these instruments which provides excellent selectivity. The duty cycle of
TIMS can be altered and it determines the ion selectivity. Faster scans reduce ion selectivity
whereas slow scans improve the ion selectivity. Additionally, TIMS instruments are very compact
compared to other devices (< 10 cm), which makes them a good choice for interfacing with mass
analyzers. Similar to TWIMS, TIMS devices are calibrated with known standard analytes and can
measure CCS by measuring mobility.
1.4.1.4 Structures for Lossless Ion Manipulations (SLIM) Technology
The low voltage requirement for TWIMS enables extremely long path length for the ions,
which built the foundation for SLIM technology.64 This was developed by Dr. Richard D. Smith
and his group at Pacific Northwest National Laboratory. While instruments with this technology
are being studied to be manufactured for commercial purposes, multiple articles have been already
published based on this promising technology.65-67 SLIM is an ion separation and trapping module
that works on a linear mobility ion drift region which is continued using a switch/tee and a trapping
region. A path length of approximately 1 km to perform ion separations is a unique feature of this
device that outperforms all the other available techniques in IMS (resolving power > 400 Rp).
Some of the other popular IMS platforms include field asymmetric waveform ion mobility
spectrometry (FAIMS)68, differential mobility spectrometry (DMS)69, and differential ion mobility
spectrometry (DIMS)70. All of these devices are portable and extremely small in size. These
function in atmospheric pressure and are usually interfaced to an ion source, prior to the mass
spectrometer. Generally, these are operated as mobility filters and ions are separated by the
application of periodic waveform under a parallel gas flow. 71 Similarly, another less common ion
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mobility technique is differential mobility analyzers (DMA)72 which is very similar to a DTIMS
system. The advantages of this technique are that it operates in ambient pressure and has a wellcharacterized unidirectional gas flow which makes it capable of measuring mobilities of ions
which cannot be measured in a traditional DTIMS system.
1.4.2 Effect of Drift Gas
In the early days, most of the ion mobility instruments used helium as the primary drift
gas.73 However, due to availability and cost, gases like nitrogen are preferred in most of the recent
instruments.74 The other advantage of using nitrogen is the ability to achieve high breakdown
voltages, which help in improving separation and selectivity. Studies show the importance of
temperature and pressure in the pre drift tube region of the IMS instrument along with the choice
of drift gas that drastically affects the collision cross-section measurements.75 Some of the
commonly studied drift gases are He, N2, Ar, CO2, N2O, SF6, etc. Usually the highest resolution
was observed with He and N2. Gases like CO2, N2O and SF6 have also shown some better
selectivity and resolution for specific molecules due to higher polarizability.57
A recent study shows a quantitative comparison for IMS CCS for cesium cation (Cs+) in a
drift tube ion mobility system using different drift gases: He, N2, Ar and CO2.75 From the
investigation of the pressure conditions in the ion transfer funnels for each drift gas, it was
concluded that N2 produced the most consistent CCS values followed by Ar (Figure 1-5). The
values in He and CO2 were sensitive to high pressure funnel and transfer funnel pressures, resulting
in CCS differences as large as 10-50%.
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Figure 1-5: A comparison of the CCS values for Cs+ in multiple drift gases and at various
High Pressure Funnel and Trapping Funnel(TF) operational pressures along with the
previously reported CCS value by Ellis et.al Atomic Data and Nuclear Data Tables 17.3
(1976): 177-210.] Reprinted with permission from J. Am. Soc. Mass Spectrom. 2019, 30, 6,
1059-1068. Copyright (2019) American Chemical Society.

1.4.3 Advantages
While thousands of stand-alone ion mobility spectrometers are currently employed
throughout the world, IMS interfaced with a mass spectrometer adds an important capability to the
mass spectral measurement, making the separation of isomers, isobars and conformers possible.7678

Moreover, this reduces the chemical noise and facilitates measurement of ion size (CCS).79 IMS

was initially employed for the fast detection of explosives, drugs, and chemical-warfare agents.18
However, with the development of different ionization techniques like electrospray80 and
MALDI81, applications have expanded to the study of biological samples, large and small
molecules in the gas phase and also solid-phase samples containing nonvolatile analytes.82-84
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1.4.4 Applications
1.4.4.1 Isomer Separations
High resolution mass spectrometry along with fragmentation methods or chromatographic
techniques has been useful in identification of isomeric species in samples.85, 86 However, lipids,
amino acids and carbohydrates all have structurally-similar isomers that may not be possible to
distinguish using usual fragmentation techniques. IMS uses differences in mobility to separate
these type of isomers prior to the MS analysis.78 Isomeric compounds over a wide range of
biological samples including peptides, carbohydrates, lipids and nucleic acids have been separated
by multiple IMS methods.87, 88 The latest advanced IMS technology, SLIM, which was developed
at Pacific Northwest National Laboratory has demonstrated the separation of enantiomers using
cyclodextrin complexation methods.89
1.4.4.2 Signal Filtering based on Mobility
IMS methods are well known to increase signal-to-noise ratio and reduce background noise
for complex samples.79 Techniques like FAIMS, DIMS, DMS and DMA have been used as
mobility filters which significantly improves the signal intensity of target ions. The mobility-based
separation techniques of regular ion mobility instruments like DTIMS have also been very useful
in proteomics as they can be used to separate target molecules (peptides) in a mobility region
without having high concentrations of other organic contamination.90 Similarly, charge-based
filtering has also been studied using FAIMS devices that were used to separate low charge state
contaminants from higher charge states of proteins and peptides.91
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1.4.4.3 Incorporating Mobility Information into Both Targeted and Untargeted MS
Workflows
IMS separations take place on a millisecond timescale. Therefore, different separations can
be nested into a standard LC/GC –MS approach based on differences in retention time, mass-tocharge ratio, and fragmentation patterns, that are developed from earlier experimental studies.92
This incorporation of mobility information helps in the identifications of molecules during
untargeted approaches. These various measurements narrow down the analysis process and
increase the structural confidence in identification of any particular feature.
1.5

Ion Characterization in a Fourier Transform Ion Cyclotron Resonance (FTICR)

Instrument
1.5.1

FTICR Instrument
FTICR93, 94 is a popular mass spectrometry technique known for its high mass resolution

and high mass accuracy. It was first introduced by Comisarow and Marshall in 1974 and has been
used by scientists worldwide since then.93,

95

It is especially useful for studying large

macromolecules like multiply-charged proteins where attomole levels of detection are required.96,
97

The instrument relies on the cyclotron motion of ions in a trapping cell that is induced by
the application of a spatially uniform RF electric field at the same frequency as the ion cyclotron
frequency in a high magnetic field. The time-domain signal results from image current that is
detected in two conductive, opposed parallel electrodes. The digitized time domain signal is
Fourier transformed to obtain a frequency signal, which is convertible to a mass-domain spectrum.
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1.5.2

CRAFTI Technique
FTICR has been widely used for understanding fragmentation pathways for molecules

(e.g., CID, IRMPD, etc.).98 The cross-sectional areas by Fourier transform ion cyclotron resonance
mass spectrometry (CRAFTI)99 technique adds an extra capability of determining collision crosssection to non-dedicated mass spectrometers like FTICR and Orbitrap at little to no additional cost.

Figure 1-6: A time domain transient at different pressures for [Na+butylammonium•CB[6]]2+
complex.

For my experiments, a Bruker APEX 47e FTICR mass spectrometer equipped with electrospray
ionization, controlled by a PREDATOR data system was used. A custom LabVIEW program
generates excitation waveforms by adding single-frequency excitations with amplitudes adjusted
to produce the same center-of-mass kinetic energy for each ion. FTICR linewidths are measured
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as a function of collision gas pressure (Figure 1-6) and kinetic energy, which enables measurement
of relative cross sections as a function of collision energy. 100
CRAFTI is a single-collision technique and the collisions can be considered as simple hardsphere interactions that do not require long-range ion-neutral interaction potentials. This
requirement for single-collision decoherence causes a limited upper mass range as heavier ions
have low center of mass kinetic energies which make it challenging to cause single-collision
dephasing in collisions with small neutrals. The CCS is calculated using the following CRAFTI
equation:

𝜎𝜎 =

𝑓𝑓𝑓𝑓ℎ𝑚𝑚 𝑚𝑚
𝑁𝑁

𝜋𝜋𝜋𝜋

(1-7)

𝑞𝑞 𝛽𝛽𝑉𝑉(𝑝𝑝𝑝𝑝) 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒

Here, σ is the collision cross section, fwhm is the full-width at half-maximum of the frequency
domain mass spectral line, m and q are the ion mass and charge, respectively, d is the diameter of
the FTICR cell, β is the cell geometry factor for the Infinity trapping cell, Vpp is the peak-to-peak
voltage used for excitation and Tesc is the excitation duration.
The use of a trapping instrument adds interesting features to the CCS-determining abilities
compared to standard ion mobility instruments. For example, the CCS of fragment ions can be
measured after CID or IRMPD fragmentation of a parent molecule. This feature is not available
for an IMS instrument unless an external collision cell is added to it. The other important factor
that distinguishes CRAFTI from IMS is the fact that IMS instruments are based on multiple
collisions, whereas CRAFTI is based on single collisions.99, 101 Multiple collisions cause heating
of the ions and could cause conformational changes or dissociation of specific fragile ions. Hence,

18

it is not possible to measure the CCS of fragile complexes using IMS. CRAFTI avoids these issues
as it obtains the measurement after a single collision dissociation of the ions.

1.5.3

SORI-CID
SORI-CID is a technique that characterizes fragmentation as a function of energy and can

determine the relative binding strengths of complexes.44, 102 The complexes are accelerated into
energetic collisions with a neutral gas, which induces dissociation, usually by the lowest-energy
pathway. In this technique, an RF voltage is applied with a frequency that is usually 1 kHz offresonance from the cyclotron frequency of the ion. This off-resonance excitation causes the motion
of ions to follow a beat pattern as the ion’s cyclotron radius is expanding and contracting with the
change in kinetic energy.

1.5.4

IRMPD
A pulsed ultraviolet/visible (UV/vis) or infrared (IR) laser can cause photoexcitation of

ions.103, 104 The resonant absorption of UV/vis photons by the ions elevates the ions to an excited
electronic state which mostly results in photodissociation; whereas, IR absorption causes
vibrational transitions in ions. Since the spacing between vibrational states is smaller than the
spacing between electronic states, multiple IR photon absorption is required to excite to the same
energy as can be achieved by single UV/vis photons. These multiphoton absorptions eventually
cause dissociation of the parent molecule, resulting in IRMPD.103
The IRMPD technique is similar to other dissociation techniques like surface-induced
dissociation (SID)43 and CID105 where the fragmentation of the parent molecule occurs, yielding
structural information. However, IRMPD shows higher selectivity as it differentiates between
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isomers.106 The action spectrum obtained also can be used to determine the presence of specific
functional groups in the parent molecule. Some of the most important applications of IRMPD
include isomer differentiation, study of short lived radicals107, and study of biomolecules.108, 109

1.6

Dissertation Objective and Overview
In this study, IMS, a well-established analytical technique, is primarily used for the

characterization of cucurbiturils, interesting supramolecular hosts. Computed and experimental
CCS measurements are used to determine the topologies of different complexes of CB[n]s.
Moreover, multiple analytical techniques for molecular characterization are compared which are
discussed in the following chapters:
Chapter 2 provides a methodology for doing IRMPD experiments on bigger host-guest
systems along with predictions from computational studies and CID experiments. In Chapter 3,
application of multi-CRAFTI methods and SORI-CID techniques to cucurbit[6]uril-nalkylammonium complexes is discussed. Chapter 4 demonstrates allosteric interactions in a
simple ditopic system using cucurbit[6]uril and various alkylammoniums as the host and the guest
molecules. Chapter 5 discusses the possibility of forming ternary complexes with two
cucurbit[7]uril molecules, and the formation of quadruply-charged decamethyl-cucurbit[5]uril
complexes using TTDD guest molecules. Chapter 6 uses rigid complexes in an ion mobility
system to study the effects of charge states and charge distributions on collision cross section
measurements. Chapter 7 is a summary of all the studies which includes important conclusions
and discusses areas of further research.
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CHAPTER 2: IRMPD Studies of Supramolecular Structures

2.1

Introduction
Infrared multiphoton dissociation (IRMPD)1 is a fragmentation technique used in mass

spectrometry that is a complementary method for structural analysis of a parent ion. It yields
fragment information similar to other dissociation techniques like collision activated dissociation
(CID).1, 2 Yet it shows much higher selectivity than CID and shows less mass discrimination to
dissociate more stable ions.3 These experiments are done as a function of excitation wavelength,
so they yield an IR action spectrum that gives information about the functional groups that are
present in the molecule and also their chemical environment.4, 5 Since the gas-phase ions have
much lower number density than condensed phase materials, it is challenging to get direct
absorption spectroscopy information. Hence, spectroscopic information is obtained from the action
spectroscopy approach.6, 7 The resonant absorption of IR photons by the gas phase ions causes
photo-dissociation which is considered as IRMPD.
IRMPD is mostly used with mass spectrometers like FTICR, that have a trapping cell.8
Multiple photon absorption occurs before dissociation of the parent molecule. The energy is then
distributed by intramolecular vibrational relaxation referred to as intramolecular vibrational
redistribution (IVR), which could also result in the dissociation of the ions via the lowest energy
pathway.

1, 9, 10

This is still considered an important analytical technique as it allows for the

structural analysis of the protonated species, the reaction intermediates, isomeric ion
differentiation in mass spectrometry and also the study of metal cation binding to organic
molecules.11-14
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Many larger molecules are strongly bound and require powerful tunable lasers, such as free
electron lasers, to induce photo dissociation.15 This is why mass spectrometry-based CID is a key
technique in the identification of amino acids and peptide/proteins.16-18 Hence, there is a possibility
of obtaining a better understanding of the fragmentation chemistry in many of these compounds
using photodissociation techniques. This project is an attempt to study IRMPD characteristics of
supramolecular structures like the cucurbituril molecule using a tunable optical parametric
oscillator (OPO) laser. The stretching region in the collected IR spectrum will allow us to gain
useful information on the types of chemical moieties that are formed after photodissociation.
2.1.1

Cucurbiturils
The efficiency of a cucurbituril molecule to encapsulate a guest molecule depends on its

binding properties with the guest.19, 20 It is equally important to study the energy requirements to
release the intact guest molecule from the complex. These host-guest systems are interesting as
these are a form of intermediate stage between a condensed phase and a gas phase system.21 A
condensed phase system has solvent molecules all around the ion and a gas phase system has no
solvent molecules around the ion. However, in a host-guest system like that of a cucurbituril-guest
system, the guest molecule is surrounded by the host which is itself in the gas phase.22
Photodissociation of these caged complexes has not yet been reported. Collisional dissociation
energy studies are easier for these types of molecules as these molecules require a high energy
tunable laser to dissociate them and extract spectroscopic information.23,

24

Therefore, it is a

challenge to abstract vibrational spectroscopic information from a caged molecule like a
cucurbituril complex as they are large molecules with many modes of vibration and the energy
absorbed by the ion is quickly distributed through intramolecular vibrational relaxation. Hence
absorption rates may not be sufficient to compete with radiative cooling.
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This project is based on infrared multiphoton dissociation analysis of cucurbituril
complexes. Since I am using a YAG-pumped OPO laser, the power of the output is less than 0.1
Watt. I believe this energy is insufficient for dissociating most of the cucurbituril complexes.
However, there are specific cucurbituril-metal complexes that hold neutral guests (methanol,
ammonia, etc.) that can be dissociated by a comparatively low amount of energy.21 For our
experiment, we have selected the complex of a CB5 molecule with two cesium metal caps at both
ends that contains a methanol molecule as a guest (Figure 2-1). The size of cesium is large, which
makes it bind weakly with the CB5 molecule. This allows the easy release of the caged methanol
from the complex (Figure 2-2). Methanol has been chosen as the guest molecule because it absorbs
IR wavelengths within the 3000-3900 cm-1 range of the OPO laser.25

Figure 2-1: [CB[5]+2Cs+MeOH]2+
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Figure 2-2: Mass spectrum of [CB5+2Cs+MeOH]2+ (m/z-564) after CID, yields
[CB5+2Cs]2+ (m/z-548) as the product.

2.2

Experimental

2.2.1

Materials
L-tryptophan, 4, 7, 10-trioxa-1, 13-tridecanediamine, and crown ether samples were

purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification. Stock
solution with concentration ~ 1 mM is prepared for each of the complexes using 50:50
methanol:water solution. These were later diluted to prepare solutions with concentration of 50100 µM.
2.2.2

Instrumentation
The IR beam is generated by a Laser Vision OPO pumped by a Continuum YAG laser.

The OPO has an average energy of 60 mJ/s and a band width of 1 cm-1. The output from the
OPO/OPA is measured using an Ocean Optics USB4000 spectrometer. A Bruker APEX 47e
Fourier transform ion cyclotron resonance mass spectrometer (FTICR) was used to trap ions which
were introduced into the instrument using a custom-built electrospray. To get fragmentation, the
IR beam must be aligned perfectly into the trapping cell of the FTICR magnet. A visible green
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laser light was used that was made to overlap with the IR laser, which helped in the alignment of
the beam into the cell.
2.2.3

Methods
One of the biggest challenges in doing the IRMPD experiments was the alignment of the

laser into the cell of the FTICR instrument. Since the laser system was around 3 meters away from
the ICR cell, I had to use multiple gold plated mirrors and IR lenses to steer the beam into the cell.
One of the other issues was loss of power. There was an 80% reduction in the IR laser power when
it reached the cell. The primary reason for this was the imperfect alignment of the lens and mirrors
in the path. There could also have been loss of power due to the absorption by water molecules
present in the atmospheric air. Hence, we had to figure out a solution for these problems.
2.2.3.1 Overlapping Visible Laser with IR
I normally used an IR sensor card to know the direction of the IR beam. However, Dr.
Asplund came up with an idea of overlapping the IR laser with a green laser beam that was installed
next to the laser instrument. This made the alignment much easier as now I didn’t have to use the
sensor card every time to check the alignment. I could directly adjust the mirrors and lenses based
on the visible green light. The alignment changed by a few millimeters every time the laser system
was restarted. Therefore, this was a crucial development for doing these experiments.
2.2.3.2 Fixing the Power Issue
For the alignment, good quality lenses and mirrors were used, which caused very little
power loss of the IR beam. However, there was a big drop in power when the beam reached the
first mirror as the lenses and mirrors were not perfectly placed so as to conserve the maximum
power. Hence I used a 1-meter lens placed on a make-shift table right in between the laser output
aperture and the first mirror which was installed near the edge of the fixed table. This lens was
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later fixed at the side of the door frame using a custom-built holder. Using two other focusing
lenses of 0.5-meter and 1-meter, I was able to conserve much of the IR power. The final power of
the beam before entering the cell was around 60 mJ/s. This was less than 50% power drop from
the initial laser beam.
2.2.3.2.1 Signals for Potassium, Copper and Gold
A slight misalignment of the laser produced potassium signal in the FTICR every time
(Figure 2-3). This was probably because the walls of the ICR cells are contaminated with
potassium salts after years of electrospraying potassium-containing solutions. I was also able to
see gold and copper signals at times. These signals actually assisted me to align the laser to the
center of the cell. The sample that I mostly used to align the laser was protonated tryptophan as it
can be easily electrosprayed to produce strong signals and it dissociates at very low energies. The
fragmentation of protonated tryptophan (m/z 205) occurred to produce m/z 188 and m/z 146, due
to the loss of neutral ammonia and an additional ethenone group (CH2CO), respectively. Detection
of this dissociation was used for alignment of the laser.
I used tryptophan and the crown complexes of tryptophan for my experiments as these
compounds fragment easily with IR light. This provides a good reference for studying target
molecules. The position of different stretches and their shifts caused by crown complexation can
be studied. However, the complexes with some bigger hosts failed to fragment by the IR light
absorption. My hypothesis is that these complexes still absorb the IR light, but due to faster
radiative cooling they never accumulate enough energy to be fragmented. This might prevent
getting IRMPD results for some of the target molecules using conventional methods. Therefore,
the following ideas were implemented in an attempt to overcome this problem.
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Figure 2-3: Potassium signal that appears during laser misalignment.

2.2.3.2.2 SORI + IRMPD
IRMPD has been used to directly study the fragment ions resulting from a CID
experiment.1, 2, 26 Since SORI27 involves off-resonance excitation of ions, the ions can be gradually
heated until the point just before they are fragmented. It can be expected that the ions would then
have enough energy such that even weak IR absorption would be able to fragment them. Therefore,
I tried experiments combining SORI and IR. First the ions were excited using low RF amplitude
at 1 kHz off resonance. Then I adjusted the amplitude at the maximum possible excitation length
for the ions, such that the parent ion is just below that required for fragmentation. Following this,
I allowed the IR laser into the cell. One of the issues with these experiments was loss of signal
strength. This was probably due to the fact that SORI excitation causes the ion to move away from
the trapping cell axis so only a fraction of the total ions remain on the axis where they could be
irradiated by the IR laser. A few experiments looked promising, as the ratio of products increased
with SORI-IR excitation compared to just IR excitation. I tried repeating the experiment using a
few seconds of wait time after the SORI event in an attempt to allow the ions to relax back to the
cell center. However, this didn’t work well as radiative cooling probably reduces the energy of the
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complex and the signal intensity is also affected as longer wait times were used. I also tried this
experiment at 2 kHz or more off resonance excitation with the lowest amplitude voltage that can
be used to fragment the ion. However, this technique produced negligible improvement in the
product yield.
2.2.3.2.3 Heating the ICR cell
The FTICR system in our lab has a heating setup that can be used to control the temperature
of the ICR cell. The cell can be heated to over 150 °C. This can be done to excite the ions in the
cell before the actual IR fragmentation. The caged compounds can be heated to a point just below
the fragmentation threshold, then dissociated via the IR laser. I initiated this experiment using
simple tryptophan as the analyte. The problem with this method was a high signal loss and lots of
interferences. These issues might have arisen primarily due to the change in position of the ion
beam axis. The possible reason for this might be uneven thermal expansion of the cell components
as they are made up of different materials. The alignment of the laser has to be changed if there is
a significant change in the shape of the cell and the ion beam position. Moreover, excessive
outgassing from the heated cell walls could also have disturbed the signal of our analyte.
2.2.4 Creating the IRMPD spectra
IRMPD action spectra were created based on the photodissociation yield (PDY). PDY is
equal to the sum of the intensities of fragments seen in the mass spectrum divided by the sum of
ion peak intensities of the products and parent ions. The power of the laser changed while scanning
through the frequencies which ranged from 10% to 70%, depending on the magnitude of the
change in frequencies. So each of the points in the IRMPD spectrum was power normalized.
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2.2.5

Computational
Modelling for all complexes was done in Spartan ’18 initiated by a conformational search

using the MMFF94 force field. Energy calculations were done on the lowest-energy conformers
using the B3LYP/6-31G* level of theory.28 The lowest energy conformer was then geometry
optimized using the same functional and basis set. This final structure was used to compute the IR
spectrum using: DFT, M06-2X/6-311G*.
2.3

Preliminary Results
The computational IR spectra were obtained from lowest energy conformers which were

geometry optimized. These spectra are qualitatively in good agreement with most of the
experimental data. Absorption can be seen in the 3000- 4000 cm-1 range for all of the cucurbituril
complexes of interest. This was encouraging as these frequencies are within the range of our OPO
laser.
2.3.1

IRMPD Spectrum for [Tryptophan-H]+ and Crown Ether Complex of Tryptophan
Computational IR spectrum for [Tryptophan + H]+

Figure 2-4:Computed IR spectrum for [Tryptophan + H]+
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Observed IR spectrum for [Tryptophan+H]+

Figure 2-5: Observed IRMPD spectrum for [Tryptophan-H]+

The IRMPD spectra of protonated tryptophan and crown ether tryptophan complexes have been
previously reported in the literature.7, 29 I tried to replicate the results with tryptophan and 12crown-4-tryptophan complex. As shown in Figure 2-4 and Figure 2-5, The tryptophan-H+
spectrum features a strong absorption at 3550 cm-1 that corresponds to the carboxylic OH
stretching mode, a doublet at 3500 cm-1 that corresponds to the indole stretch, and the NH3
stretching mode that begins at 3340 cm-1. The fragmentation of protonated tryptophan (m/z 205)
occurred to produce m/z 188 and m/z 146, due to the loss of neutral ammonia and an additional
ethenone group (CH2CO), respectively. Detection of this dissociation was used for alignment of
the laser.

44

Computational IR spectrum for [12-crown4 + tryptophan + H]+

Figure 2-6:Computed IR spectrum for [12Crown4+Tryptophan+H]+

Observed IR spectrum for [12-crown-4 + Tryptophan + H]+

Figure 2-7. Observed IRMPD spectrum for [12C4+Tryptophan+H]+
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I was also able to replicate the IRMPD spectrum for 12-crown-4-tryptophan complex
(Figure 2-7). The crown complexation effect was seen in the observed IRMPD spectra for 12crown-4-tryptophan complex. The isolated antisymmetric NH3+ band at around 3340 cm-1
disappears when the tryptophan is complexed with 12-crown-4. The carboxylic acid OH and indole
NH stretches (3350 cm-1 and 3500 cm-1 resp.) are slightly blue-shifted in the crown complex.
Two different figures have been used to show the complete IR spectrum for [12-crown4+tryptophan+H]+ (Fig.7) as the power of the laser drastically drops when it is tuned to low wave
numbers and also the alignment of the laser changes. Hence, I was not able to power correct the
data to build a single spectrum and the data are shown in separate figures.
2.3.2

Computational Bond Dissociation Energy Comparison

Figure 2-8. Comparison of computational bond dissociation energies (kJ/mol) for
different complexes.
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My initial study included computational bond dissociation energy calculations using the
MMFF level of theory for different [guest@CB[5]Cs2]2+ complexes with various neutral guests
such as NH3, MeOH and HCOOH. I compared these dissociation energies with the dissociation
energies of tryptophan and its crown ether complexes. From the graph (Figure 2-8), it can be
clearly seen that all the [guest@CB[5]Cs2]2+ complexes dissociate at much lower energies than the
crown ether complexes of tryptophan. These imply that the CB[5] complexes have low
dissociation energies and have a good possibility of being fragmented by an IR excitation using an
OPO laser as the crown ether complexes of tryptophan can easily be fragmented using IR. The
relative dissociation energies of the complexes can be used to determine the strength of bonding
between the molecules in the complex. The complexes which require low energies for dissociation
are more likely to be fragmented by IRMPD.
2.3.3

Comparison of Experimental CID Energies

Figure 2-9. Comparison of CID energies for different complexes of CB5 with crown
ether complexes of tryptophan. Error bars represent standard deviations from 3 or
more replicate measurements at each energy.
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I also did experimental CID comparison for some CB[5] complexes that looked interesting.
In the graph above (Figure 2-9), [MeOH@CB[5]Cs2]2+ is observed to dissociate at comparable
energies with [18-crown-6•tryptophan+H]+, whereas the [CB[5]Cs2]2+ complex dissociates at
much higher energies. Similarly, a quadruply-charged CB[5] complex with 4, 7, 10- trioxa-1,13tridecanediamine

(TTDD),

[CB[5](TTDD)2]4+,

dissociates

at

much

lower

energy.

[CB[5](TTDD)2MeOH]4+ complex was also detected and the CID energy pathway was not
measurable as there was 100% dissociation at the lowest lab frame energies that could be used.
This is very encouraging as the IRMPD dissociation of [18-crown-6•tryptophan+H]+ using an
OPO laser has been reported previously and these CB[5] complexes dissociate at even lower
energies.
The theoretical IR spectra for these complexes (Figure 2-10 and Figure 2-11) also showed
peaks ranging from 3000 cm-1 to 4000 cm-1 supporting the possibility of IRMPD dissociation using
the OPO laser.
[MeOH @CB[5]Cs2]2+

Figure 2-10. Theoretical IR spectrum for [MeOH @CB[5]Cs2]2+
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[CB[5](TTDD)2MeOH]4+

Figure 2-11. Theoretical IR spectrum for [CB[5] +2TTDD+MeOH]4+

2.3.4. Conformational Isomeric Ion Differentiation using IRMPD
Many fragile complexes are known to dissociate by single collisions at very low energy.30,
31

If these complexes have isomers, it is even more challenging as these can only be detected in an

IMS instrument or through IRMPD spectrum.11, 12, 32, 33 As the ions travel in a drift gas environment
during mobility measurement, most fragile ions fragment before reaching the detector. Hence, one
of the few ways to determine the presence of conformational isomers in these type of complexes
is by using IR spectroscopy.
In Figure 2-12, it can be clearly seen that SORI dissociation pathway for the
[CB[6]Na•H2O]+ complex. About half the precursor ion population dissociates at relatively low
SORI energies, with the remainder dissociating slowly at much higher total SORI energies.
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Figure 2-12:SORI dissociation pathway for [CB[6]+ Na+ H2O]+ complex. Error bars
represent standard deviations from 3 or more replicate measurements at each energy.

2.4

Discussion
The IR spectrum calculated using the DFT level of theory in Spartan ’18 is a good indicator

of where IR absorption should be expected in a particular complex.13, 34, 35 Peak positions are well
predicted and the experimental data agrees qualitatively with the computational data while there
are some differences in IR wavelength and size of the peaks. As IRMPD is a multiphoton process
that typically involves virtual states that the computer does not model, it is difficult to compute
peak amplitudes. Therefore, I believe CID dissociation energy comparison can be a useful
surrogate for predicting how easily IRMPD might be observed if a chromophore is available in
caged complexes.
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[Tryptophan-H] + and [12-Crown-4 tryptophan] + IRMPD spectrum:
The crown complexation effect can be seen in the observed spectra (Figure 2-6 and Figure
2-7). The isolated antisymmetric NH3+ band at around 3340 cm-1 disappears when the tryptophan
is complexed with 12-crown-4. The carboxylic acid OH and indole NH stretches (3550 cm-1 and
3500 cm-1 resp.) are blue – shifted by 15-20 cm-1 in the crown complex due to the increase in
strengths of the O-H and N-H bonds.
Bond dissociation and CID energies comparison:
In Figure 2-8, a comparison of computed bond dissociation energies is made between
various complexes that have been dissociated by the OPO laser and various target CB[5] and 18crown-6 complexes. The MMFF calculations (Figure 2-8) show that all of the target
[guest@CB[5]Cs2]2+ complexes dissociate at much lower energy (21, 22 and 40 kJ/mol) than the
[12-crown-4•tryptophan+H]+ complex, which has a computed dissociation energy of 239 kJ/mol.
The [12-crown-4•tryptophan+H]+ complex has been dissociated using an OPO laser.7 The
following figure (Figure 2-9) has the experimental CID comparison for different CB[5] complexes
and crown ether complexes which also suggests that dissociation of the [guest@CB[5]Cs2]2+
complexes should be energetically accessible. Therefore, there is high probability of IRMPD
fragmentation of [guest@CB[5]Cs2]2+ complexes in a similar system.
Similarly, complexes like [CB[5](TTDD)2MeOH]4+ dissociated completely at the lowest
lab frame energies which is a strong indication of a low energy dissociation pathway that may be
accessed by IR irradiation of the complex. Moreover, it can be inferred from the graph (Figure
2-9) that the dissociation energy for [CB[5](TTDD)2]4+ has a lower CID dissociation energy that
[12-crown-4•tryptophan+H]+. Therefore, it will be interesting to see how the spectrum changes in
the complex with and without the presence of a neutral guest like methanol.
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Conformational isomer differentiation for [CB[6]Na•H2O] + complex:
In Figure 2-12, a SORI dissociation pathway is shown for [CB[6]Na•H2O]+ complex. The
SORI-curve that is shown in the graph has a bimodal nature. There is rapid 50% dissociation of
the parent ion at very low relative SORI energy and the remaining population dissociates at much
higher energies. This bimodal behavior is unusual and would only happen if multiple isomers with
different dissociation energies are present. Based on the structure of the complex, I propose that
the easily-dissociated isomer has the water molecule attached to the sodium ion outside the CB[6]
cavity, whereas the more strongly-bound population corresponds to a water molecule attached to
the sodium ion and residing inside the CB[6] cavity.
I tried to do mobility measurements of this complex in a drift tube ion mobility instrument.
However, the complex failed to show up in the mass spectrum. One possible reason might be easy
detachment of the H2O molecule from the Na ion during its travel in the high pressure N2
environment of the drift tube. Easy dissociation suggests an IRPMD spectrum for this complex
might be feasible. This might also be able to differentiate between possible isomers.
2.5

Conclusions
IRMPD is a useful analytical technique that could be added to a mass spectrometry system

like FTICR to get more detailed structural information for ions in the gas phase. Replication of the
[12-crown-4•tryptophan+H]+ IRMPD spectrum was very encouraging as this was the first time in
the Dearden Lab that I was able to record a spectrum for a crown ether complex and also measure
the crown-complexation effect on tryptophan.
Our laser system needs trouble shooting and has not been in use for a while. With the
alignment techniques that I have used, we should be easily able to re-run these experiments once
the laser system is repaired.
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I was not able to get any IR dissociation for the cucurbituril complexes. However, the
recent computational study and experimental results suggest that these experiments are possible.
We already have the capacity of determining the collision cross-section of ions in the gas phase
using CRAFTI and IMS techniques. Similarly, CID and SORI-CID techniques have been used to
understand the fragmentation pattern and pathway to understand gas phase structure of the
cucurbituril ions. With IRMPD, a new dimension of gas phase analysis will be introduced in the
Dearden lab and it has been successfully initiated.
Additionally, we are seeking to do these experiments in a free-electron laser which would
have higher power and tunable IR capacity. Hence, we are collaborating with Dr. Travis Fridgen
from Memorial University, Newfoundland, Canada to put forward a proposal at the FELIX lab in
Amsterdam based on the computational and experimental results that I have completed.

53

2.6

References

1.

Laskin, J.; Futrell, J. H., Activation of large ions in FT-ICR mass spectrometry. Mass

Spectrom. Rev. 2005, 24 (2), 135-167.
2.

Mino, W. K., Jr.; Gulyuz, K.; Wang, D.; Stedwell, C. N.; Polfer, N. C., Gas-phase

structure and dissociation chemistry of protonated tryptophan elucidated by infrared multiplephoton dissociation spectroscopy. J. Phys. Chem. Lett. 2011, 2, 299-304.
3.

Little, D. P.; Speir, J. P.; Senko, M. W.; O'Connor, P. B.; McLafferty, F. W., Infrared

multiphoton dissociation of large multiply charged ions for biomolecule sequencing. Anal. Chem.
1994, 66 (18), 2809-2815.
4.

Fridgen, T. D.; McMahon, T. B.; Maitre, P.; Lemaire, J., Experimental infrared spectra

of Cl-(ROH) (R = H, CH3, CH3CH2) complexes in the gas-phase. Phys. Chem. Chem. Phys. 2006,
8 (21), 2483-2490.
5.

Polfer, N. C.; Valle, J. J.; Moore, D. T.; Oomens, J.; Eyler, J. R.; Bendiak, B.,

Differentiation of Isomers by Wavelength-Tunable Infrared Multiple-Photon Dissociation-Mass
Spectrometry: Application to Glucose-Containing Disaccharides. Anal. Chem. 2006, 78 (3), 670679.
6.

Wodtke, A.; Hintsa, E.; Lee, Y. T., Infrared multiphoton dissociation of three nitroalkanes.

The Journal of Physical Chemistry 1986, 90 (16), 3549-3558.
7.

Stedwell, C. N.; Galindo, J. F.; Gulyuz, K.; Roitberg, A. E.; Polfer, N. C., Crown

Complexation of Protonated Amino Acids: Influence on IRMPD Spectra. The Journal of Physical
Chemistry A 2013, 117 (6), 1181-1188.

54

8.

Brodbelt, J. S.; Wilson, J. J., Infrared multiphoton dissociation in quadrupole ion traps.

Mass Spectrom. Rev. 2009, 28, 390-424.
9.

Fridgen, T. D.; McMahon, T. B.; MacAleese, L.; Lemaire, J.; Maitre, P., Infrared

Spectrum of the Protonated Water Dimer in the Gas Phase. J. Phys. Chem. A 2004, 108 (42), 90089010.
10.

Tonner, D. S.; McMahon, T. B., Consecutive Infrared Multiphoton Dissociations in a

Fourier Transform Ion Cyclotron Resonance Mass Spectrometer. Anal. Chem. 1997, 69 (23), 47354740.
11.

Simon, A.; Jones, W.; Ortega, J.-M.; Boissel, P.; Lemaire, J.; Maitre, P., Infrared

Multiphoton Dissociation Spectroscopy of Gas-Phase Mass-Selected Hydrocarbon-Fe+
Complexes. J. Am. Chem. Soc. 2004, 126 (37), 11666-11674.
12.

Chiavarino, B.; Crestoni, M. E.; Fornarini, S.; Lemaire, J.; Maitre, P.; MacAleese, L., π-

Complex Structure of Gaseous Benzene-NO Cations Assayed by IR Multiple Photon Dissociation
Spectroscopy. J. Am. Chem. Soc. 2006, 128 (38), 12553-12561.
13.

Moore, D. T.; Oomens, J.; Eyler, J. R.; Meijer, G.; von Helden, G.; Ridge, D. P., Gas-

Phase IR Spectroscopy of Anionic Iron Carbonyl Clusters. J. Am. Chem. Soc. 2004, 126 (45),
14726-14727.
14.

Carl, D. R.; Cooper, T. E.; Oomens, J.; Steill, J. D.; Armentrout, P. B., Infrared multiple

photon dissociation spectroscopy of cationized methionine: effects of alkali-metal cation size on
gas-phase conformation. Phys. Chem. Chem. Phys. 2010, 12, 3384-3398.
15.

Valle, J. J.; Eyler, J. R.; Oomens, J.; Moore, D. T.; van der Meer, A. F. G.; von Helden,

G.; Meijer, G.; Hendrickson, C. L.; Marshall, A. G.; Blakney, G. T., Free electron laser-Fourier

55

transform ion cyclotron resonance mass spectrometry facility for obtaining infrared multiphoton
dissociation spectra of gaseous ions. Rev. Sci. Instrum. 2005, 76 (2), 023103/1-023103/7.
16.

Laskin, J.; Futrell, J. H., Collisional activation of peptide ions in FT-ICR mass

spectrometry. Mass Spectrom. Rev. 2003, 22 (3), 158-181.
17.

Anupriya; Jones, C. A.; Dearden, D. V., Collision Cross Sections for 20 Protonated Amino

Acids: Fourier Transform Ion Cyclotron Resonance and Ion Mobility Results. J. Am. Soc. Mass
Spectrom. 2016, 27 (8), 1366-1375.
18.

Burrows, E. P., Dimethyl Ether Chemical Ionization Mass Spectrometry of Alpha-Amino

Acids. Journal of Mass Spectrometry 1998, 33 (3), 221-228.
19.

Dearden, D. V.; Yang, F.; Mortensen, D. N.; Kim, K.; Selvapalam, N.; Kim, Y., Binding

of Metal Ions and Amines by Cucurbiturils in the Gas Phase. In 2nd International Conference on
Cucurbiturils, Cambridge, UK, 2011.
20.

Parvari, G.; Reany, O.; Keinan, E., Applicable Properties of Cucurbiturils. Isr J Chem

2011, 51 (5-6), 646-663.
21.

Hickenlooper, S. M.; Harper, C. C.; Pope, B. L.; Mortensen, D. N.; Dearden, D. V.,

Barriers for Extrusion of a Guest from the Interior Binding Cavity of a Host: Gas Phase
Experimental and Computational Results for Ion-Capped Decamethylcucurbit[5]uril Complexes.
J. Phys. Chem. A 2018, 122 (47), 9224-9232.
22.

Zhang, H.;

Paulsen, E. S.;

Walker, K. A.;

Krakowiak, K. E.; Dearden, D. V.,

Cucurbit[6]uril Pseudorotaxanes: Distinctive Gas Phase Dissociation and Reactivity. J. Am.
Chem. Soc. 2003, 125 (31), 9284-9285.

56

23.

Saleh, N. i.;

Koner, A. L.; Nau, W. M., Activation and stabilization of drugs by

supramolecular pKa shifts: drug-delivery applications tailored for cucurbiturils. Angew. Chem.,
Int. Ed. 2008, 47 (29), 5398-5401.
24.

Jansen, K.; Buschmann, H.-J.; Wego, A.; Döpp, D.; Mayer, C.; Drexler, H.-J.; Holdt,

H.-J.; Schollmeyer, E., Cucurbit[5]uril, Decamethylcucurbit[5]uril and Cucurbit[6]uril. Synthesis,
Solubility and Amine Complex Formation. J. Inclusion Phenom. Macrocyclic Chem. 2001, 39 (34), 357-363.
25.

Chesters, M. A.; McCash, E. M., The adsorption and reaction of methanol on oxidized

copper (111) studied by Fourier transform reflection-absorption infrared spectroscopy.
Spectrochimica Acta Part A: Molecular Spectroscopy 1987, 43 (12), 1625-1630.
26.

Jones, C. A.; Dearden, D. V., Highly Selective Binding of Cucurbiturils to Amino Acids:

an IRMPD Study. In 60th ASMS Conference on Mass Spectrometry and Allied Topics, American
Society for Mass Spectrometry: Vancouver, BC, Canada, 2012.
27.

Dale, V. C. M.; Speir, J. P.; Kruppa, G. H.; Stacey, C. C.; Mann, M.; Wilm, M.,

Applications of sustained off-resonance irradiation (SORI) and quadrupolar excitation axialization
(QEA) for the characterization of biomolecules by Fourier-transform mass spectrometry (FTMS).
Biochemical Society Transactions 1996, 24 (3), 943-947.
28.

Bouzzine, S. M.; Bouzakraoui, S.; Bouachrine, M.; Hamidi, M., Density functional theory

(B3LYP/6-31G*) study of oligothiophenes in their aromatic and polaronic states. Journal of
Molecular Structure: THEOCHEM 2005, 726 (1), 271-276.
29.

Polfer, N. C.; Oomens, J.; Dunbar, R. C., IRMPD spectroscopy of metal-ion/tryptophan

complexes. Phys. Chem. Chem. Phys. 2006, 8 (23), 2744-2751.

57

30.

Gardner, J. S.; Harrison, R. G.; Lamb, J. D.; Dearden, D. V., Sonic spray ionization mass

spectrometry: a powerful tool used to characterize fragile metal-assembled cages. New J. Chem.
2006, 30, 1276-1282.
31.

Gabelica, V.; Livet, S.; Rosu, F., Optimizing Native Ion Mobility Q-TOF in Helium and

Nitrogen for Very Fragile Noncovalent Structures. J. Am. Soc. Mass Spectrom. 2018, 29 (11),
2189-2198.
32.

Yang, F.; Voelkel, J. E.; Dearden, D. V., Collision cross sectional areas from analysis of

Fourier transform ion cyclotron resonance line width: a new method for characterizing molecular
structure. Anal. Chem. 2012, 84, 4851-4857.
33.

Arslanian, A. J.; Farzan, T. H. M.; Dearden, D. V. In Collision Cross-sections of Multimer

Ions with Equal Mass-to-Charge Ratios Using CRAFTI Techniques, 66th ASMS Conference on
Mass Spectrometry and Allied Topics, San Diego, California, USA, June 3 - 7, 2018; ASMS: San
Diego, California, USA, 2018.
34.

Burke, N. L.; Redwine, J. G.; Dean, J. C.; McLuckey, S. A.; Zwier, T. S., UV and IR

spectroscopy of cold protonated leucine enkephalin. Int. J. Mass Spectrom. 2015, 378, 196-205.
35.

Groenewold, G. S.; Oomens, J.; de Jong, W. A.; Gresham, G. L.; McIlwain, M. E.; Van

Stipdonk, M. J., Vibrational spectroscopy of anionic nitrate complexes of UO22+ and Eu3+ isolated
in the gas phase. Phys. Chem. Chem. Phys. 2008, 10, 1192-1202.

58

CHAPTER 3: Multi-CRAFTI and SORI-CID Studies on CB[6]•Alkylammonium
Complexes

3.1

Introduction
FTICR mass spectrometry1, 2 is a well-known high-resolution technique that can be used

to determine masses with high accuracy. It is especially useful for studying large macromolecules
like multiply-charged proteins where attomole levels of detection are required.3, 4 Complete gas
phase characterization would include the shape and fragment product determination of the target
molecules. While FTICR has been widely used for understanding fragmentation pathways for
molecules (eg. CID, IRMPD, etc.)5, it has rarely been used for shape determination. The method
called CRAFTI,6, 7 or cross-sectional areas by Fourier transform ion cyclotron resonance, adds the
collision cross-section (CCS) measuring capability to instruments, like FTICR and Orbitrap, that
were not originally designed for CCS measurements, at little to no additional cost.
The use of a trapping instrument (such as FTICR) adds new capabilities to the CCS
determining abilities of the instrument compared to the usual IMS instrument. For example, the
cross sections of fragment ions can be measured after CID or IRMPD fragmentation of a parent
molecule. This feature is not available for an IMS instrument unless an external collision cell is
added to it. The other important factor that distinguishes CRAFTI from IMS is the fact that IMS
instruments are based on multiple collisions,8 whereas, CRAFTI is based on single collisions.6
Multiple collisions cause heating of the ions and could cause conformational changes or
dissociation of specific fragile ions (e.g., anion complexes of CB[6]).9 Hence, it would not be
possible to measure the CCS of such complexes using drift IMS. CRAFTI avoids these issues as
the measurement is based on a single collision dissociation of the ions.
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One of the challenges of determining CCS by CRAFTI is the need for accurate pressure
measurement in the trapping cell of the mass spectrometer.9, 10 Experiments must also be based on
energetic hard-sphere collisions so as to decohere the ions by single collisions with neutrals.11 This
limits the application of the method for ions with higher masses. Hence, an alternative method,
multi-CRAFTI12 is used, where the linewidth vs pressure measurement is analyzed for two or more
ions that are simultaneously excited to the same center-of-mass kinetic energy. This increased the
possibility of success for these experiments on cucurbit[6]uril•alkylammonium systems, which are
around the upper mass limit (1000 m/z).7, 13
One of the common techniques used in FTICR instruments is the collision-induced
dissociation (CID) technique14-16, where the ions collide with neutrals at high energies to cause
fragmentation. The sustained off-resonance irradiation (SORI-CID) technique17-20 is a variation on
this theme, where the ions are excited 1kHz off their resonant frequency, causing multiple lowenergy collisions to gradually heat them to the threshold energies for fragmentation. One
advantage of using SORI is that the collisions cumulatively add energy, so complexes with strong
binding energies can be dissociated to study the fragment products and dissociation pathways. This
technique is used to understand dissociation pathways for alkylammonium complexes of CB[6]
and to explore the possibilities of having conformational isomers.
Various alkylammonium complexes of cucurbit[6]uril21 are detected in the FTICR
instrument. CB[6] complexes with propylammonium through nonylammonium were observed.
The key question that needs to be resolved is whether the alkylammonium tail goes into the CB[6]
cavity or stays outside the host. Hence, by measuring the relative CCS using CRAFTI I have tried
to probe the structures for each of these complexes. While most of the target complexes were
observed in the mass spectra, the signal intensity was strong enough for only few of them to run
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CRAFTI experiments. Methyl- and ethylammonium complexes of CB[6] were not observed and
heptylammonium and longer-chained complexes of CB[6] had weak signals. Good signals were
observed for propyl-, butyl-, pentyl- and hexylammonium complexes.
3.2

Experimental
A Bruker APEX 47e Fourier transform ion cyclotron resonance mass spectrometer with a

4.7 T magnet was used for the experiments, which was controlled with a MIDAS Predator data
system (National High Magnetic Field Laboratory, Tallahassee, FL).22 Samples were introduced
using a microelectrospray source through a metal capillary drying tube based on a design by
Eyler.23 SWIFT24 technique was used to isolate the monoisotopic ions of interest. Ar and SF6 was
used as the collision gas during the experiments. Using the half-maximum line widths of the peaks
in the mass spectra, CCS was calculated with the following CRAFTI equation:6, 7, 12

𝜎𝜎 =

𝑓𝑓𝑓𝑓ℎ𝑚𝑚 𝑚𝑚
𝑁𝑁

𝜋𝜋𝜋𝜋

(3-1)

𝑞𝑞 𝛽𝛽𝑉𝑉(𝑝𝑝𝑝𝑝) 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒

Here, σ is the collision cross section, fwhm is the full-width at half-maximum, m and q are the ion
mass and charge, respectively, d is the diameter of the FTICR cell, β is the cell geometry factor
for the Infinity trapping cell, Vpp is the peak-to-peak voltage used for excitation and Tesc is the
excitation duration. For usual single CRAFTI experiments, a single ion of interest was excited on
resonance using excitation voltage. However, in mult-CRAFTI experiments, an excitation
waveform was generated using a LabVIEW (National Instruments; Austin, TX; 2016 version)
program, that sequentially excited the two ions at their resonant frequencies. This allowed the
simultaneous measurement of CCS of the ions in a custom built program in Igor software.
Therefore, the CCS ratios is determined for each set of ions using the same reference ion.
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3.3

Results

3.3.1

Computational

Figure 3-1: Computed hard sphere CCS ratio comparison for doubly-charged complexes
([CB6-Na-alkylammonium]2+/[CB6-Na2]2+) and singly-charged complexes ([CB6alkylammonium]+/[CB6-Na]+)

Cross-sections for various conformers were computed using the MMFF94 force field25 to
estimate structures and energies and using IMoS26,

27

to compute hard sphere collision cross

sections in Ar and SF6. The initial results showed that the most stable conformers of all the singly
charged complexes had the alkylammonium tail inside the CB[6] cavity. The computed cross
section ratio between [CB[6]-Na]+ and each alkylammonium complex from propylammonium to
pentylammonium was approximately equal to 1 (Figure 3-1) , reflecting the “tail-in” nature of the
alkylammonium complexes. The ratio gradually becomes greater than 1 starting from the
hexylammonium complex, as the alkyl chain gets long enough to protrude from the cavity. The
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previous experimental work28 suggests that these are internal complexes in the condensed phase.
The probability of inclusion complexation should be even higher in the gas phase due to the fact
that there would be no competing solvent interaction in the gas phase except Van der Waals
interactions between the guest and the inner walls of the cucurbituril. Such solvent interactions
would be expected to stabilize external complexes.
When a cation like Na+ is introduced, multiple possible structures were seen during
computational analysis. However, the most stable structures suggested that the alkyl tail would
still be inside the cavity even in the presence of Na+ as long as the alkyl tail is shorter than that of
heptylammonium. If the tail is heptyl or longer, the tail is forced out of the cavity by steric
interference from the cation bound on the opposite rim.
3.3.2

Multi-CRAFTI Results
I performed multi-CRAFTI experiments on pairs of ions. One of the ions is a reference ion,

and the other is the ion of interest. I usually do these experiments over a range of excitation
voltages and use the same reference for a fixed set of ions to have a better understanding of the
shape of the molecule. In the example in Figure 3-2, multi-CRAFTI curves are shown for
[CB[6]+butylammonium]+ and [CB[6]+nonylammonium]+ complexes. Low-energy CCS values
are inaccurate and do not represent the physical sizes of the molecules as there are multiple
collisions occurring before decoherence of the ions. The most usual decoherence mechanisms are
fragmentation and scattering.29, 30 The mathematical relationship between decoherence rates and
collision cross section assumes every collision results in decoherence, and when this assumption
is violated the analysis is not valid. I therefore need high enough energy for ions to fragment or
scatter in a single collision. Though multi-CRAFTI CCS ratios can be accurate at lower energies
than are required for absolute CCS measurements, it is always better to have high-energy CCS

63

values as they are more reliable. For singly-charged complexes we tried using SF6 instead of Ar to
get to that center-of-mass frame energy threshold where CCS can be accurately measured.
However, for doubly-charged complexes I used Ar as our neutral as Ar atoms have no internal
degrees of freedom compared to SF6; Ar gives higher precision in the measurements. Most of the
multi-CRAFTI results for singly-charged complexes involved mass-to-charge ratios of over 1000
m/z. Therefore, it was challenging to run the experiments at high enough energies because
conversion to the center-of-mass reference frame causes a large decrease, and lab frame energies
are limited to those that leave the ions trapped in the instrument. Most of the results therefore had
poor precision and it was difficult to extract accurate cross section information. However,
experiments for doubly-charged Na•alkylammonium complexes of CB[6] produced comparatively
better results that were reproducible and had lower error values.

Figure 3-2: Multi-CRAFTI curves for [CB[6]+ butylammonium]+ and
[CB[6]+nonylammonium]+. Error bars represent standard deviations from 5 or more
replicate measurements at each energy.
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3.3.3

Multi-CRAFTI Experiments on [CB[6]•Na•alkylammonium]2+ Complexes
A CB[6] molecule with two sodium ions has a good shape resemblance to that of a CB[6]

molecule; it was used as a reference ion for comparing the shapes of different alkylammonium
complexes of CB[6]. The multi-CRAFTI comparison showed the CCS for Na•alkylammonium
complexes of CB[6] to be significantly more than that of the [CB[6]Na2]2+ complex. It could be
argued that the alkyl ammonium tail is outside of the CB[6] cavity. However, the measured ratios
are even higher than the computed ratios where the alkylammonium tail is outside for these
complexes (Figure 3-3). The ratios for propylammonium, butylammonium and pentylammonium
complexes are approximately between 1.1 and 1.15. This value jumps at hexylammonium, where
the ratio is around 1.25. This indicated a possibility that the multi-CRAFTI values are
systematically high. I compared these values to the ion mobility CCS values after doing similar
experiments in an Agilent 6560 ion mobility spectrometer. Figure 3-4 indicates that there is much
better agreement between the computational and experimental drift IMS CCS ratios. Structures of
propylammonium and butylammonium complexes have ratios similar to theoretical structures
where the alkylammonium tail is inside the CB[6] cavity. Whereas, the pentylammonium and
hexylammonium complexes have CCS ratios that correspond to the theoretical structures where
the alkylammonium tail is outside of the cavity (detailed IMS results are described in the following
chapter).
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Figure 3-3: Experimental and computational cross-section ratio comparison for
[Na•alkylammonium•CB[6]]2+ /[Na2CB[6]]2+. Error bars represent standard deviations
from 5 or more replicate measurements.
Since ion mobility spectrometry is a dedicated and a well-established technique to measure
CCS,

the

disagreement

with

the

results

of

the

multi-CRAFTI

experiments

for

[CB[6]•Na•alkylammonium]2+ systems is disappointing. Though multi-CRAFTI has been
successfully applied to smaller systems,12 these CB[6]-containing complexes may be larger than
the range where these experiments work. It is also possible that the dissociation energetics for the
reference ion, [CB[6]-Na2]2+ are very different than those of the respective alkylammonium
complexes, skewing the results. The other possible explanations for the differences could be that
the ion sources on the two instruments are quite different, so they might produce different fractions
of inside vs. outside complexes such that it was not possible to measure enough of the different
complexes on the FTICR to see the full trend as chain length changes.
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Figure 3-4: Theoretical and experimental IMS CCS ratio comparison for [CB6-Naalkylammonium]2+ complexes. Error bars represent standard deviations from 3 or more
replicate measurements.
3.3.4

SORI-CID Experiments
One of the reasons for doing SORI experiments on the cucurbituril-alkylammonium

systems is to see if any of these complexes have conformational isomers. Energy-resolved SORI
experiments show fragmentation of the precursor ion as a function of relative kinetic energy.
Bimodal dissociation behavior has been reported for complexes with multiple isomers that
dissociate at very different SORI energies.31 The dissociation of [CB[6]•Na•alkylammonium]2+
complexes was examined. All the complexes from propylammonium to hexylammonium had
SORI dissociation patterns that are easily fit by a single sigmoid. The fragment was [CB[6]•Na]+
ion in all cases, formed by the loss of the alkylammonium. Figures 3-5 to 3-8 show unimodal
dissociation curves for the various precursor ions indicating either single conformers or multiple
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conformers dissociating at similar energies. Error bars in all of these figures represent standard
deviations from 3 or more replicate measurements.

Figure 3-5: SORI dissociation curve for [CB6+Na+propylammonium]2+

Figure 3-6: SORI dissociation curve for [CB6+Na+butylammonium]2+
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Figure 3-7: SORI dissociation curve for [CB6+Na+pentylammonium]2+

Figure 3-8: SORI dissociation curve for [CB6+Na+hexylammonium]2+
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3.3.5

SORI-CID Study for [CB[6](alkylammonium)2]2+ Complexes
I did SORI experiments for a range of [CB[6](alkylammonium)2]2+ complexes that were

detected in the FTICR instrument. All of the complexes had unimodal SORI-CID dissociation
behavior. However, for [CB[6](pentylammonium)2]2+ complex, there was always significant
dissociation before the SORI excitation was started (Figure 3-9). These looked like dissociation
of a certain amount of parent ion at thermal collision energies. Approximately 14% of the precursor
ions dissociate in this way. As SORI activation commences and increases, the extent of
dissociation follows a normal unimodal sigmoidal dissociation curve. This result indicates a
possibility of conformational isomers, one of which could be very fragile and would dissociate at
low energies. Measurement of the CCS in the ion mobility instrument confirms the presence of at
least two isomers for [CB[6](pentylammonium)2]2+(Figure 3-10). One of the isomers has one of
the pentylammonium tails inside the CB[6] cavity while the other isomer had both the
pentylammonium tails out of the cavity. The [CB[6]•Na•pentylammonium]2+ complex (Figure
3-7) also seems to dissociate at a little lower energy than the others. Pentyl is the right length that
it should have steric interference with a cation bound on the other rim, which could force the pentyl
chain outside and/or weaken the binding.
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Figure 3-9: SORI dissociation curve for [CB6+bispentylammonium]2+

Figure 3-10: Mobilogram and heat map for [CB[6](pentylammonium)2]2+
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3.4

Conclusions
This project was an initial attempt to apply a novel technique (“multi-CRAFTI”) on

cucurbit[6]uril•alkylammonium systems to characterize their host-guest structures in the gas
phase. Though multiple articles have been published on CCS determination of complexes in the
gas phase through line width measurements12, 32, 33, it is a challenge to apply this method to heavier
systems because of the energy limit in collisions with neutrals. While I got some information with
multi-CRAFTI studies on these systems, I still had to rely on drift IMS methods to get more
detailed and reliable structural information. SORI-CID studies were helpful as these hinted at the
presence of conformational isomers in one of the complexes.
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CHAPTER 4: Prototypical Allosterism in a Simple Ditopic Ligand: Gas Phase Topologies
of Cucurbit[n]uril•n-Alkylammonium Complexes Controlled by Binding in the Second Site
This chapter has been submitted to the Journal of Physical Chemistry A and is currently under
review. (First author: Jamir Shrestha, Co-authors: Savannah Porter, Caleb Tinsley, Andrew
Arslanian, David V. Dearden*. I was responsible for all experimental work and for drafting the
manuscript; most of the computational work was done by Savannah and Caleb.)

4.1

Abstract
We have employed mass spectrometric, ion mobility, and computational techniques to

characterize complexes of n-alkylammonium ions with cucurbit[5]uril (CB[5]) and cucurbit[6]uril
(CB[6]) ligands in the gas phase. Non-rotaxane structures are energetically preferred and
experimentally observed for all CB[5] complexes. Pseudorotaxane structures are computationally
favored and experimentally observed for [CB[6]•n-alkylammonium]+ complexes, but addition of
a second cation (proton, alkali metal ion, another alkylammonium ion, or guanidinium) on the
opposite rim of CB[6] causes sufficiently unfavorable steric interactions that n-pentylammonium
and longer chains no longer remain threaded through the CB[6] cavity; non-rotaxane topologies
are then favored. This provides a very simple example of negative allosteric interactions and
molecular structure switching in these complexes.

4.2

Introduction
Allosteric interactions1-3 are a well-known phenomenon in biochemistry in which binding

at a site remote from a protein’s active site affects binding at the active site. These interactions can
either enhance binding at other sites (cooperative binding), as in the binding of O2 by hemoglobin,4
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or result in decreased binding (negative allosterism), as in the allosteric inhibition of HIC-RT by
nevaripine and analogs.5, 6 These kinds of interactions are important in such areas as regulation of
metabolism and regulation of enzyme activity.7
Allosteric inhibition has been reported in proteins where the inhibitors bind to pre-formed
binding sites. These inhibitors are usually ligands that bind with a protein to disrupt its overall
native structure, affecting recognition in the active site.8
The binding of any ligand is generally based on steric fit, structure, locality of the binding
site, and the binding affinity.9 The allosteric capacity of a molecule depends on the capacity of
changing these phenomenon. Usually organic complexes are used as allosteric promoters and
inhibitors.7 However, metal complexes have also been considered to cause allosteric interactions.
Metal complexes including metals like Ga, Fe, Cu, Pd, etc. have been successfully used as enzyme
inhibitors.10
Cucurbit[n]urils (CB[n] hereafter, with n indicating the number of glycoluril units in these
cyclic polymer molecules, Figure 4-1(a)) are very simple synthetic ditopic (2 binding site) ligands,
with the two well-defined identical binding sites a fixed, close distance apart.1 This family of
molecules therefore offers an opportunity to examine in detail how two proximate but separate
binding sites interact through a simple type of allosterism,2 with the possibility of seeing
cooperative or anticooperative binding in a very simple system.1, 2 Previous gas phase studies of
CB[5] have observed anticooperative binding as Coulomb repulsion due to binding a cation in one
site weakens binding of cations in the second site.11 Although the portals and cavity of CB[5] are
too small to accommodate threading of an alkyl chain, CB[6] and larger members of the family
have been used as the ring component of rotaxanes (Figure 4-1(b)),12-14 supramolecular structures
consisting of a macrocyclic ring threaded onto a linear molecule. CB[6] and larger CB[n] use both
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sites in the binding of α,ω-n-alkyldiammonium cations as pseudorotaxanes (the bulky end groups
usually used to prevent dethreading of threaded species in rotaxanes are not present), with strong
preferences for alkyl chains of the appropriate length.15-17
In the gas phase, pseudorotaxanes with terminal or interior charged groups that are not
intrinsically bulky can behave as if a bulky group were present because interactions between the
charge and electronegative atoms in a host molecule can be strong enough to preclude facile
dethreading.15-17 In the case of CB[6] complexes with ammonium ions, the hydrogen bonding that
occurs on the CB[6] rim is strong in the absence of competing solvent, so ammonium-CB[6]
binding effectively anchors the guest in the host.15
In this work we are interested in the intermediate case, n-alkylammonium guests that have

Figure 4-1: a) Structure of cucurbit[n]uril. b) Pseudorotaxane complex of 1,4-nbutanediammonium (space filling) with cucurbit[6]uril (ball and stick).
a charged group on one end and a linear alkyl chain on the other. These ions cannot interact as
strongly as the α,ω-n-alkyldiammonium cations because rather than having strong ionic hydrogenbonding sites18-24 on both ends, the alkyl tail can only support much weaker dispersion interactions;
the enthalpic driving force for forming pseudorotaxanes is much weaker, and in fact entropic
considerations might tip the balance to favor having the n-alkyl tails outside the CB[6] cavity.
Thus, one of the key questions here is whether or not CB[6] forms pseudorotaxanes with nalkylammonium cations in the gas phase.
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In addition, we investigate interactions between the two binding sites in these simple
ditopic ligands, as a means of studying a simple type of allosteric interaction. Specifically,
assuming that n-alkylammonium ions do form pseudorotaxanes with CB[6], how does binding a
cation on the other rim affect the structure of the complex? Will it remain a pseudorotaxane, and
if so, is there alkyl chain size dependence?
4.3

Experimental

4.3.1

Materials
CB[6] and n-alkylamines (n=1-9, purity > 98%) were purchased from Sigma-Aldrich (St.

Louis, MO). Both acetic acid (glacial) and HPLC-grade water were purchased from Fisher
Scientific (Fair Lawn, NJ). Methanol was LC-MS grade from Millipore Sigma (Burlington, MA).
All materials were used without additional purification. Stock 200 µM CB[6] and 200 µM nalkylamines were prepared by dissolving in 50:50 methanol:water. The stock solutions were mixed
such that CB[6] was 20 µM and n-alkylamines were 40 µM in the final spray solution, which was
also 0.5% acetic acid by volume.
4.3.2

Instrumentation
We used an Agilent model 6560 IMS-qToF instrument25 for experimental collision cross

section (CCS) measurements. This instrument employed an Agilent-supplied nano-electrospray
source, which was used for direct infusion electrospray, and is equipped with a fragmentor ion
optic that enables in-source collision-induced dissociation. The instrument consists of a uniform
field ion mobility spectrometer (IMS) using nitrogen as the drift gas, placed between two ion
funnel stages. The front ion funnel stage contains two sections where the ions are focused, trapped
and released into the drift tube. After the ions are separated in the drift tube, the ions are refocused
into the collision cell, then transmitted to a quadrupole time-of-flight (qToF) mass spectrometer.
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We used the stepped-field method25 for CCS measurements, varying the overall voltage
drop across the drift tube from 1000-1700 V in 8 increments and averaging data for 1 minute at
each field setting. CCS measurements in the IMS-qToF were calibrated against the m/z 922 ion of
Agilent TuneMix. Drift times were measured at each field setting and were used to determine the
collision cross sections in N2 via application of the Mason-Schamp equation.26
4.3.3

Computational
Modelling in Spartan ’18 (Wavefunction, Inc.; Irvine, CA, U.S.A.) began with a

conformational search using the MMFF94 force field27-31 supplied in the modeling package. Low
energy structures found in the conformational search were subjected to single-point energy
calculations using the M06-2X/6-31+G* method. Full geometry optimization using M06-2X/6311G**//M06-2X/6-31G* was done on 3-5 of these lowest-energy isomers. The lowest-energy
isomer at this level of theory was used for extracting the optimized geometry coordinates and ESP
charges, which were employed in trajectory method CCS calculations in N2 (with the N2
quadrupole moment included and with partial charges on the ion) using IMoS 1.10c.32
4.4

Results

4.4.1

Computed Energies
Computational modeling found minima for both non-rotaxane and pseudorotaxane

structures of CB[5] and CB[6] complexes with n-alkylammonium guests. We calculated the
difference in energy between the lowest-energy non-rotaxane and lowest energy pseudorotaxane
structure for [CB[n]•RNH3]+, [CB[6]•Na•RNH3]2+, and [CB[6](RNH3)2]2+, with the results shown
in Figure 4-2. All the [CB[5]•RNH3]+ complexes energetically favored non-rotaxane structures,
whereas all the [CB[6]•RNH3]+ complexes favored pseudorotaxanes. These preferences generally
increase with increasing chain length. The non-rotaxane vs. pseudorotaxane preferences for
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[CB[n]•Na•RNH3]2+ and [CB[n](RNH3)2]2+ are more complex, and are discussed in more detail
below.

Figure 4-2:Difference in computed energy of pseudorotaxane (“guest in”) and nonrotaxane (“guest out”) structures, at the M06-2X/6-311G**//M06-2X/6-31G* level of
theory, for CB[n] complexes involving n-alkylammonium guests, as a function of the
number of C atoms. Points not shown are off scale.

4.4.2

Experimental Observations
We observed both singly-charged 1:1 and doubly-charged 2:1 alkylammonium-CB[6]

complexes, as well as doubly-charged. M++alkylammonium+CB[6] complexes (where M is an
alkali metal), with relative intensities strongly dependent on ion source conditions. The doublycharged complexes were observed under most conditions, whereas singly-charged 1:1 complexes
required more energetic source settings that favor collision-induced dissociation. Although our IM
CCS measurements do yield absolute CCS values (Appendix A, Table A-1), in most cases we have
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chosen to report the results as ratios of the CCS value for the ion of interest to the CCS value for
either [CB[n]Na]+ (for singly-charged ions) or [CB[n]Na2]2+ (for doubly-charged ions), because
by eliminating systematic deviations between experimentally-measured and computed CCS values
(likely due to imperfections in the modeling) this approach facilitates comparison with CCS ratios
derived from the corresponding computed structures.
We note that the portals of CB[5] are considered too small to allow formation of rotaxane
structures, so structures in which the alkylammonium cations “perch” on the CB[5] rims are
expected and indeed were the lowest-energy structures found by the calculations. These complexes
therefore serve as controls to show trends in CCS values where formation of rotaxanes does not
occur.
In each case below, we will describe trends in the computed CCS values for CB[5]
complexes as alkyl chain lengths increase, followed by description of the experimentally-measured
results and a comparison between computed and experimental values. This same approach will
then be followed for the corresponding CB[6] complexes, where, in contrast to CB[5], the portals
of CB[6] are known from spectroscopic12, 13 and X-ray studies14 to be large enough to facilitate
rotaxane formation.
4.4.2.1 Singly-Charged 1:1 Complexes of N-alkylammonium Ions with CB[n]
As expected, computational modeling found “perched,” externally-bound alkylammonium
complexes to be the lowest-energy structures for each complex of CB[5] that was examined
(Figure 4-2). Computed CCS values for the external complexes increase monotonically from 1-8
C atoms in the alkyl chain (Figure 4-3), and drop a little for the nonylammonium complex as the
alkyl chain begins to interact more strongly with the exterior of the host molecule, and perhaps
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reflecting the increasing difficulty of thoroughly exploring conformational space computationally
for longer alkyl chain lengths.
Experimentally, all of the singly-charged 1:1 alkylammonium complexes of CB[5] have
single peaks in their arrival time distributions. The measured CCS ratios vs. the CCS of
[CB[5]Na]+ increase monotonically with increasing alkyl chain length from 1-9 C atoms, with the
rate of increase with chain length perhaps decreasing slightly for the longer chains (Figure 4-3).
The agreement between CCS ratios for the modeled structures and experiment is good for 1-5 C
atoms in the alkyl chain, but for longer chains the ratios for the computed structures become
increasingly smaller than the experimental values.

Figure 4-3: Collision cross sections relative to that of [CB[n]Na]+ for singly-charged complexes
of CB[n] with n-alkylammonium ions with various alkyl chain lengths. Ratios from computed
structures (M06-2X/6-31G*) are shown using open symbols, whereas those from experimental
measurements are shown using solid symbols. Error bars represent standard deviations from
three or more replicate measurements.
The portals of CB[6] are large enough that alkyl chains are observed to thread through
them in crystallographic data for solid-phase complexes,14 so we anticipated pseudorotaxane
structures in the gas phase. We modeled both external alkyl tails (non-rotaxanes) and
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pseudorotaxane structures for each n-alkylammonium complexed with CB[6] (Figure 4-3). As
with the externally-bound CB[5] complexes, the computed non-rotaxane structures of the 1:1
CB[6] complexes of n-alkylammonium ions increase monotonically in CCS as the alkyl chain
length increases. In contrast, the computed pseudorotaxane structures for alkyl chains of 1-5 C
atoms have similar calculated CCS values, resulting primarily from the CB[6] host; the guest,
inside the host, does not contribute appreciably to the CCS until the alkyl chain becomes long
enough to protrude from the portal on the side opposite the ammonium group. This occurs for 6-9
C atoms in the n-alkylammonium chain.
In the experimental arrival time distributions for the CB[6] complexes of nalkylammonium ions (Figure 4-3), single peaks were observed for chain lengths of 1-4 C atoms.
The corresponding CCS ratios are near 1, indicating cross sections similar to that of [CB[6]Na]+
and consistent with model structures that have the alkyl tail threaded inside the CB[6] cavity. This
is particularly evident for propyl- and butylammonium cation guests, where there is a clear
difference between computed CCS values for “tail in” and “tail out” structures.
For n-pentylammonium and longer guests, the experimental arrival time distributions had
two peaks. The peaks at shorter arrival times for each complex, consistent with computed “tail in”
structures, were about twice as intense as those observed at longer arrival times, which were more
consistent with computed “tail out” structures. The CCS ratios for the short-arrival-time structures,
like those for the computed “tail in” CB[6] complexes, increase for chain lengths greater than 5 or
6 C atoms, consistent with protrusion of the alkyl chain from the CB[6] portal opposite that where
the ammonium group is bound. Like the externally-bound CB[5] complexes, the experimental
CCS ratios for the CB[6] complexes observed at longer arrival times are increasingly smaller, as
alkyl chain length increases, than those computed from trajectory method calculations.
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4.4.2.2 Doubly-Charged Complexes of M+ and N-alkylammonium with CB[n]
Here we focus on M = Na, as these complexes are exemplary of those of other cations and
were the most easily observed experimentally. Computational modeling of complexes with the
stoichiometry [CB[5]•Na•RNH3]2+ found binding of the n-alkylammonium ions with the alkyl tails
external to the CB[5] cavity as expected, and thus yielded CCS ratios vs. [CB[5]Na2]2+ (Figure
4-4) that were all greater than 1, increasing monotonically with alkyl chain length up to 7 C atoms.
The complex with n-octylammonium had a computed ratio a bit less than that of the nheptylammonium complex, as the longer tail begins to wrap around the CB[5] host.

Figure 4-4: Collision cross sections relative to that of [CB[n]Na2]2+ for doubly-charged
complexes of CB[n] with Na+ and n-alkylammonium ions with various alkyl chain lengths.
Ratios from computed structures are shown using open symbols, whereas those from
experimental measurements are shown using solid symbols.
Drift IMS measurements for [CB[5]•Na•RNH3]2+ found single peaks in the arrival time
distributions for all complexes, with the corresponding CCS ratios relative to [CB[5]Na2]2+ all
greater than 1, increasing monotonically with n-alkylammonium chain length for all observed
complexes. Agreement between the computationally modeled and experimentally observed ratios
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is good, suggesting that all of the observed [CB[5]•Na•RNH3]2+ complexes have alkyl tails
external to the CB[5] cavity.
We modeled both non-rotaxane and pseudorotaxane structures for [CB[6]•Na•RNH3]2+,
with CCS ratio results again given in Figure 4-4. The non-rotaxane structures have CCS ratios vs.
[CB[6]Na2]2+ that are all greater than 1 and increase monotonically with alkyl chain length as
expected, with some scatter for the longest alkyl tails as chain wrapping occurs and comprehensive
modeling becomes more difficult. The pseudorotaxane structures for complexes with 1-5 C atoms
in the alkyl tails all have similar computed CCS ratios slightly greater than 1, again reflecting the
internal binding of the alkyl tails. For 6 C atoms and longer, the alkyl tails are too long to fit within
the CB[6] cavity and begin to push out, by disrupting either the hydrogen bonding of the
ammonium group with the CB[6] rim O atoms and / or the interaction of the Na+ ion with the
opposite rim.
In contrast to our observations of the singly-charged complexes of alkylammonium cations
with CB[6]), where we saw multiple peaks in the arrival time distribution for complexes of npentylammonium and longer n-alkylammonium ions, when Na+ is also present, resulting in a
doubly-charged complex, only single peaks are observed in the arrival time distributions for each
complex. As seen in Figure 4-4, complexes with n-butylammonium and shorter-chain nalkylammonium ions all have similar, relatively small collision cross sections (less than 2% larger
than the CCS of [CB[6]Na2]2+). These are consistent with the computed CCS ratios for
pseudorotaxane structures. The cross section increases by about 10 Å2 (to about 5% larger than
that of [CB[6]Na2]2+) when n-butylammonium is replaced by n-pentylammonium. All longerchain complexes follow this same trend of much larger CCS, with CCS increasing with chain
length. For n-pentylammonium and longer chains, the CCS ratios are more consistent with those
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for computed non-rotaxane structures. Also in qualitative but not quantitative agreement, the
computed energies (Figure 4-2) suggest pseudorotaxane structures for the Na+-containing species
are favored for chains as long as 6 carbon atoms, whereas for longer chains the non-rotaxane
structures are very strongly favored.
This switch from pseudorotaxane to non-rotaxane topology with increasing alkyl chain
length when Na+ is bound to CB[6] is also observed when Na+ is replaced by H+, Li+, K+, Cs+,
NH4+, or guanidinium (Appendix A,Figure A-2). For each of these cations, a similarly significant
increase in collision cross section occurs when n-butylammonium is replaced by npentylammonium or a longer n-alkylammonium. This suggests that in all the [CB[6]•M•RNH3]2+
complexes we have observed in the gas phase, for R = n-butyl and shorter chains the complexes
are pseudorotaxanes, whereas for R = n-pentyl and longer chains the presence of M+ causes a nonrotaxane structure to be favored.
A small but interesting difference is observed when M+ = H+ or guanidinium (Appendix
A, Figure A-2.). As with the other capping cations, complexes of n-alkylammonium ions having
n-butyl or shorter chains gave single peaks in the arrival time distributions, consistent with
pseudorotaxane structures. For M+ = H+, two peaks are seen in the distribution for [CB[6]•H•npentylammonium]2+. Longer n-alkyl chains yielded only the longer-arrival-time peaks, consistent
with non-rotaxane structures. Similarly, for M+ = guanidinium, two peaks are observed in the
arrival time distributions for the complexes involving n-pentyl- and n-hexylammonium; longer nalkyl chains resulted in only the longer-arrival-time peaks. Possible explanations are discussed
below.
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4.4.2.3 Doubly-Charged [CB[n](RNH3)2]2+ Complexes
We also examined doubly-charged complexes with stoichiometry [CB[n](RNH3)2]2+.
These complexes have more topological possibilities, as they may have structures with both nalkyl tails inside the CB[n] (“in-in”), or structures with one tail in and one out (“in-out”), or
structures with both tails out (“out-out”).
Based on the results for the singly-charged [CB[n]•RNH3]+ complexes, we would expect
all [CB[5](RNH3)2]2+ complexes to be out-out, because the CB[5] portal is too small to easily
accommodate an alkyl chain. Computationally, all of the [CB[5](RNH3)2]2+ complexes were
modeled as out-out structures with both n-alkyl tails exterior to the CB[5] ligand. Their CCS ratios
relative to that of [CB[5]Na2]2+ (Figure 4-5) increase with increasing chain length up through nhexylammonium, and for longer chains, while remaining large, show more scatter due to wrapping
of the alkyl chains around the CB[5] and perhaps increasing difficulty in properly exploring

Figure 4-5: Collision cross sections relative to that of [CB[n]Na2]2+ for doubly-charged
complexes of CB[n] with Na+ and n-alkylammonium ions with various alkyl chain lengths.
Ratios from computed structures are shown using open symbols, whereas those from
experimental measurements are shown using solid symbols. Error bars represent standard
deviations from 3 or more replicate masurements.
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conformational space, the same as was seen for [CB[5]•RNH3]+ and [CB[5]•Na•RNH3]2+
complexes.
Experimental drift IMS measurements for [CB[5](RNH3)2]2+ complexes gave single peaks
in their arrival time distributions, and CCS ratios relative to the CCS of [CB[5]Na2]2+ (Figure 4-5)
increase with increasing n-alkylammonium chain length. These observations are in good
qualitative agreement with the computed results for out-out complexes.
In computational studies of [CB[6](RNH3)2]2+, in-in complexes were found only for R =
n-propyl and shorter and were not the lowest-energy structures in any case. The in-out and out-out
complexes are similar in cross section for the smallest n-alkylammonium guests, becoming
appreciably different only for 3 C atoms in the chain and longer, but unsurprisingly the CCS ratios
for a given stoichiometry increase in the order in-in < in-out < out-out for all examined chain
lengths. The computed CCS ratios relative to that of [CB[6]Na2]2+ (Figure 4-5) increase with chain
length up to n-heptylammonium, once again exhibiting some scatter for longer chains. No
minimum was found for in-out structures involving n-nonylammonium. Energetically (Figure
4-2), the out-out structure is strongly favored for methylammonium, and slightly favored for
ethylammonium. In-out structures are favored for n-propyl-, n-butyl-, and n-pentylammonium,
whereas out-out structures are strongly favored for all longer n-alkylammonium chains.
Experimentally, single peaks were observed in the arrival time distributions for all
[CB[6](RNH3)2]2+ species except that for R = n-pentyl, where two peaks were seen (Figure 4-5).
The CCS ratio for the smaller of these follows the smooth trend of the methylammonium—nbutylammonium complexes, whereas the CCS ratio of the larger n-pentylammonium complex
jumps about 2% and begins a new smooth trend for the complexes of the longer n-alkylammonium
ions. The experimental CCS ratios for the smaller [CB[6](n-pentylammonium)2]2+ complex and
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the complexes of the shorter n-alkylammonium ions are in good agreement with the theoretical
CCS ratios for the computed in-out structures. For the larger complex of n-pentylammonium and
the longer n-alkylammonium ions, the experimental values are in better agreement with theoryderived out-out structures.

4.4.2.4 Doubly-Charged [CB[6](RNH3)(R’NH3)]2+ Complexes
Finally, we observed complexes with the stoichiometry [CB[6](RNH3)(R’NH3)]2+ (i.e.
complexes with two different n-alkylammonium ions bound to CB[6]). These complexes were
examined computationally using molecular mechanics techniques, but because of the many lowenergy conformers involved, they were not studied with the higher-level computational methods
that yield more accurate energies and structures. Instead, we focus on experimental drift IMS
results for these systems. Collision cross section ratios vs. that of [CB[6]Na2]2+ measured for these
systems are plotted in Figure 4-6 as a function of the number of C atoms in the second guest, while
the first guest is held constant in each of the datasets shown.
In general, the complexes increase in cross section as the length of the alkyl chains R and
R’ increase. All the data except those for the n-butylammonium complexes show a significant
increase in relative cross section between 4 and 5 C atoms in the R’ guest.
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Figure 4-6: Collision cross sections relative to that of [CB[n]Na2]2+ for doubly-charged
complexes of CB[n] with 2 mixed n-alkylammonium ions with various alkyl chain lengths.

4.4.2.5 Energy-Resolved Collision-Induced Dissociation
We performed energy-resolved collision-induced dissociation (CID) experiments on ions
exiting the ion mobility stage of our IMS-ToF instrument, in an effort to determine whether there
is a binding preference for particular n-alkylammonium ions in the CB[n] complexes, akin to what
has previously been observed for α,ω-n-alkyldiammonium guests in CB[6].16, 17 In Figure 4-7, we
show results for energy-resolved CID of five [CB[5](RNH3)(R’NH3)]2+ complexes and the
corresponding five [CB[6](RNH3)(R’NH3)]2+ complexes. Generally, these dissociations occur
with at least a small preference for loss of the longer n-alkylammonium ion. All of the CB[5]
complexes dissociate at similar energies, on average lower than the energies required to dissociate
the CB[6] complexes, as expected due to the greater polarizability of the larger cucurbituril host.
Interestingly,

both

[CB[6](n-propylammonium)(n-hexylammonium)]2+
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and

[CB[6](n-

butylammonium)(n-pentylammonium)]2+ dissociate at lower energies similar to those of the CB[5]
complexes, whereas the other CB[6] complexes dissociate at somewhat higher energies.

Figure 4-7: Precursor ion survival curves for selected complexes of CB[5] and CB[6] with
two n-alkylammonium cations with different chain lengths, subjected to collision-induced
dissociation at the indicated center-of-mass energies (Ecm) in N2. Error bars are standard
deviations from 3 repeated experiments; lines are sigmoidal fits to each data set.

4.5

Discussion

4.5.1

Evidence for Pseudorotaxane Structures in Gas Phase Complexes of CB[6] with N-

alkylammonium Ions.
Computational data, in combination with CCS measurements, provide good evidence for
[CB[6](n-alkylammonium)]+ pseudorotaxane structures in the gas phase. The computational
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results shown in Figure 4-2 indicate an energetic preference for pseudorotaxane structures over
non-rotaxanes that increases with increasing chain length up to about 50 kJ mol–1 for 4-5 C atoms
in the chain and longer. This reflects increasing dispersion interactions between the alkyl chain
and the CB[6] interior that top out when the alkyl chain is the same length as the length of the
CB[6] cavity. The collision-induced dissociation data shown in Figure 4-7 also suggest similar
dissociation energies for all CB[5] complexes and CB[6] complexes where a longer nalkylammonium cation is bound externally. Complexes with the n-butyl tail dispersively held
inside the CB[6] cavity appear to dissociate at somewhat higher energies. However, we have no
simple explanation for the significantly higher dissociation energies observed for the CB[6](nhexylamonium)(n-octylammonium)]2+ complex. While this is the largest complex examined, and
therefore might be expected to exhibit the largest influence of energy partitioning into internal
degrees of freedom with concomitant decrease in dissociation rates,33-36 the shift in dissociation
energies seems too large to attribute to kinetic shifts.34, 37
CCS measurements also support these conclusions. Whereas control experiments
measuring CCS ratios for CB[5] complexes, which should be non-rotaxanes, were in good
agreement with computed non-rotaxane structures, experimental CCS ratios for the more
abundant, shorter arrival time CB[6] complexes are in good agreement with those for computed
pseudorotaxane structures (Figure 4-3). These values are significantly smaller than those for the
corresponding computed non-rotaxane structures. Similar arguments (based primarily on
experimental CCS measurements) can be made for [CB[6]•M•RNH3]2+ (Figure 4-4) and
[CB[6](RNH3)2]2+ (Figure 4-5 and Figure 4-6) complexes with chain lengths less than 5 C atoms.
In each of these cases, complexes involving n-alkyl chains shorter than n-pentyl have CCS values
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similar to those of the model rotaxane structures and smaller than the trend expected for the
complexes of the longer n-alkylammonium ions.
4.5.2

Interactions Between the Two CB[6] Binding Sites for Cations Cause Structural

Changes in N-alkylammonium Complexes of CB[6]: Simple Allosterism.
The complexes examined here provide one of the simplest examples of allosteric
interactions between two binding sites. When an additional ion is bound on the CB[6] portal
opposite that where an n-alkylammonium cation is bound, additional steric requirements are
introduced into the resulting complex, effectively closing the CB[6] portal where the additional
cation is bound and inducing an allosteric change in the binding of the n-alkylammonium ion. This
is evident in the switch from a preference for pseudorotaxane structures (for all n-alkyl chain
lengths examined) when a second cation is not bound to a preference for non-rotaxane structures
in the presence of a second cation (alkali metal ions and alkylammonium ions appear to similarly
cause this switching in preference) for n-pentylammonium and longer chains (Figure 4-4 and
Figure 4-5). These experimental results are consistent with computed relative energies for
complexes with up to 4 C atoms in the n-alkyl chain (pseudorotaxane preferred) and for greater
than 6 C atoms in the n-alkyl chain (non-rotaxane preferred), but are not consistent with the
calculated energetic preferences for n-pentylammonium or n-hexylammonium complexes, which
computationally have pseudorotaxane preferences but which experiments suggest are nonrotaxanes. The reasons for this disagreement between theory and experiment are not clear; perhaps
higher-level theory is needed to describe the system accurately.
In this context, the two small exceptions to the general trend for [CB[6]•M•RNH3]2+
complexes, when M+ = H+ or M+ = guanidinium, are interesting. In the case of a proton bound on
the opposite rim, the amount of steric hindrance is relatively small because the proton is too small
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to simultaneously interact with all of the carbonyl oxygen atoms. This allows both tail-in and tailout isomers of the n-pentylammonium complex to be observed. Guanidinium is only weakly bound
to CB[6]38 (Appendix A, Figure A-3) and apparently this “looser” fit makes it possible to observe
both rotaxane and non-rotaxane forms of the n-pentyl- and n-hexylammonium complexes.
The observed patterns in the data of Figure 4-6 (two n-alkylammonium cations bound to
CB[6]) are especially illuminating. These patterns can be understood in terms of a preference for
the longer chain up to n-butylammonium to be inside the CB[6] cavity, thus maximizing favorable
dispersion interactions. Chains longer than 4 C atoms preferentially bind outside in these
complexes because otherwise their length would cause them to suffer unfavorable steric
interactions with the ammonium group bound on the opposite rim. For example, the complexes
with R = n-propyl- or n-butylammonium (Figure 4-6) are similar in cross section in most cases
because both n-propyl and n-butyl are inside the CB[6] cavity and do not contribute to the CCS;
the CCS is determined primarily by the CB[6] ligand and the other n-alkylammonium. This other
guest is either shorter than n-propyl or n-butyl and thus bound externally because it is energetically
more favorable for n-propyl or n-butyl to be inside, or is too long for the CB[6] cavity such that it
suffers unfavorable steric interactions and is thus bound externally. The [CB[6](nbutylammonium)2]2+ CCS is larger than that of the [CB[6](n-propylammonium)(nbutylammonium)]2+ complex because in the former one n-butyl tail is out, whereas in the latter the
smaller n-propyl tail is out. Similarly, large increases in CCS in going from [CB[6](nbutylammonium)(n-pentylammonium)]2+ to [CB[6](n-pentylammonium)2]2+ and in going from
[CB[6](n-butylammonium)(n-hexylammonium)]2+

to

[CB[6](n-pentylammonium)(n-

hexylammonium)]2+ suggest that the latter of each of these pairs of complexes has both alkyl tails
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outside; if one were inside, it would be long enough to interfere with binding of the 2nd
alkylammonium cation so the in-out topology is not preferred.
4.6

Conclusions
When n-alkylammonium ions bind with CB[6], pseudorotaxanes are preferentially formed

because of favorable dispersion interactions between the n-alkyl tail of the guest and the interior
of the host. However, these favorable interactions can easily be disrupted by binding a second
cation on the opposite portal of the CB[6] host. This changes the shape of the binding site from
one resembling an open tube to a closed, cup-like geometry, into which long n-alkyl chains no
longer fit. The relatively strong electrostatic interactions between most of the second cations
examined and the CB[6] portal O atoms are sufficient to cause this geometric change and
displacement of n-alkyl tails longer than n-butyl. These simple, prototypical allosteric interactions
can be used to understand and design molecular switches based on changes in binding site topology
upon binding a second guest cation.
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CHAPTER 5: Cucurbituril Complexes of Trioxatridecanediamine (TTDD)

5.1

Introduction
In this chapter, complexation of cucurbiturils1, 2 with 4,7,10-trioxa-1,13-tridecanediamine

(TTDD)3 is reported. Cucurbiturils are comparatively small supramolecular hosts where only a
limited number of charges can be added because Coulomb repulsion prevents placement of many
charges within a small volume.4,

5

Various singly-charged and doubly-charged cucurbituril

complexes are known. However, triple or higher charges on cucurbiturils have not been previously
reported. I wanted to introduce a guest molecule to the cucurbituril that would create extra binding
sites for metals, facilitating formation of triply-charged and perhaps higher-charged complexes.
Therefore, I searched for an organic compound that could easily bind with cucurbiturils that also
has oxygen groups present to provide active sites for metals to interact. I looked for different
complexes in the literature and found TTDD, which was basically a diamine compound with three
ether oxygen atoms in the chain. The compound looked interesting as it had a long chain length
and there was the possibility that it might simultaneously bind two cucurbiturils forming a
cucurbituril dimer. These types of ternary structures have been observed in condensed media, but
are rare in the gas phase.
5.1.1

Structure of TTDD

Figure 5-1:Computed structure of [TTDD]2+
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4,7,10-trioxa-1,13-tridecanediamine (Figure 5-1) is a useful surface passivation agent for
the synthesis of photoluminescent carbon nanodots for semiconductor applications.6 Pyrolysis of
glycerol in the presence of TTDD causes the formation of carbon-nanodots (C-dots) which have
significant applications in bioimaging, photocatalysis, biosensors, drug delivery, energy
conversions, etc.7, 8
5.2

Methods

5.2.1

Materials
CB[5], CB[6], CB[7] and TTDD (purity > 98%) were purchased from Sigma-Aldrich (St.

Louis, MO) and used without further purification. HPLC-grade water and acetic acid were
purchased from Fisher Scientific (Fair Lawn, NJ). LC-MS grade methanol was purchased from
Millipore Sigma (Burlington, MA). Nanospray samples were prepared by dissolving equimolar
amounts of cucurbiturils and TTDD in methanol/water (50:50) and diluted to a final concentration
of 20 µM in the host-guest complex with 0.5% acetic acid by volume.
5.2.2

Instrumentation
All experiments were conducted in an Agilent 6560 Ion Mobility q-ToF instrument9

controlled by Agilent Mass Hunter software. The instrument is based on drift tube ion mobility
spectrometry (DTIMS) platform developed by Smith and co-workers and its configuration has
been described previously.10, 11 An Agilent nanospray ionization12 source was used to inject the
ions into the instrument. The mobility of the ions was measured in N2 drift gas. The stepped field
method13 was used to measure the ion mobility. The voltage drop across the drift tube was varied
from 1000-1700 V in 8 increments and the data was averaged for 1 minute at each field setting
and hence collision cross-sections (CCS) in N2 were derived by calibrating the instrument against
the m/z 922 ion of Agilent TuneMix.
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5.2.3

Computational Modeling
All molecular structures were modelled in Spartan ’18 (Wavefunction, Inc.; Irvine, CA).14

Initially, MMFF15 conformational searches were run to identify low energy isomers. This was
followed by energy calculations with the M06-2X16 functional and 6-31+G*17 basis set. 3-5 of the
lowest-energy isomers were selected and transferred to Gaussian 16.18,

19

These low-energy

structures were geometry optimized using M06-2X/6-31G* level of theory followed by energy
calculations using M06-2X/6-31+G*. Finally, optimized structures of the lowest energy isomers
were selected to extract the geometry coordinates and ESP charges. These were used as inputs to
trajectory method20 CCS calculations using IMoS 1.10.21, 22
5.3

Results

5.3.1

TTDD Complexation with Different Cucurbit[n]urils.
The portal size for CB[5] is too small to allow TTDD to thread through the cavity.

However, CB[6] and CB[7] have larger portals and cavities, which form complexes with TTDD
by allowing the guest to thread through the cavity, forming a rotaxane. The result is comparable
CCS values for CB[5] complexes (Figure 5-2) even though this host is much smaller than CB[6]
or CB[7]. I also observed CB[n]•TTDD complexed with alkali metals like Na and K, forming
triply-charged complexes. These have significantly larger CCS values than the +2 complexes,
despite having physical sizes that should be quite similar to those of the +2 complexes. Similar to
what was described in Chapter 3, the difference in CCS between the doubly-charged and triplycharged complexes is due largely to long-range ion-neutral interactions happening in the drift tube,
which depend strongly on charge. Computational modelling shows there is little to no difference
when comparing the structures of the triply-charged CB[5]•TTDD complexes with different metals
such as Na or K. However, with CB[6] and CB[7], because the three oxygen atoms also coordinate
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with the metal, the overall structure is affected. This results in a slight CCS difference for CB[6]
and a significant difference in CCS for CB[7] complexes of Na vs. K.

Figure 5-2. CCS Comparison for CB[n]•TTDD complexes. The circle markers
represent theoretical calculations while the square markers represent the IMS CCS
measurements.

5.3.2 Multiple Charge States with MC5
Decamethylcucurbit[5]uril (MC5) has the same cavity size as that of CB[5]. The only
difference is the presence of ten substituted methyl groups instead of the ten hydrogens on the
“equator” of the molecule. The methyl groups further prevent the TTDD from curling around the
surface of the host, therefore, TTDD can interact with only one MC5 portal, leaving the other
portal free to bind with another TTDD molecule or a different guest. This also facilitated adding
multiple charges onto this small, rigid system (Figure 5-3). As shown in Figure 5-4, singlycharged, doubly-charged, triply-charged and even quadruply-charged MC5•TTDD complexes
were observed. The first three bars compare three complexes with similar physical structures but
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three different charge states. Again, the long-range ion-neutral interactions in the drift tube23 cause
these differences in CCS.

Figure 5-3. [MC5(TTDD)2]4+
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Figure 5-4: Comparison of IMS CCS for MC5-TTDD complexes. Error bars represent
standard deviations from 3 or more replicate measurements.

5.3.3

Methanol as a Neutral Guest
Interestingly, many of the complexes also had neutral methanol (MeOH) encapsulated. The

complexes with methanol have slightly smaller CCS values compared to the corresponding empty
complexes (Figure 5-3). While not much information can be gathered from the modelling, it is
possible that the MeOH slightly reduces the repulsion between the two cationic species at the two
portals, or it may be inducing a change in the position of the TTDD tail. Hence, there could be a
very slight di-electric effect between the two charges caused by the MeOH group or an influence
on the TTDD tail.
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5.3.4 Formation of Ternary Complexes Involving Two CB[7] Molecules and TTDD

Figure 5-5. IMS CCS comparisons for CB[7]•TTDD complexes. Error bars are
standard errors from stepped-field measurements.

Of the cucurbiturils studied, CB[7] has the largest cavity and portals. The data shown in
Figure 5-5 indicate that CB[7] bound to a TTDD guest molecule has the same CCS as a
[CB[7]Na2]2+ complex. Both complexes are doubly charged, so the similarity in CCS values
indicates similar physical sizes. This suggests that the TTDD tail is completely inside the cavity
when it forms a +2 complex with CB[7]. Based on the computational modeling, the triply-charged
complex forms when a metal like Na or K binds at an open portal. It is possible that the metal ion
is also coordinated with the ether oxygen atoms in TTDD, which would pull the protruding TTDD
towards the cavity. Differences in the degree to which this happens may be the reason a difference
is observed in the CCS values of the [CB[7]•Na•TTDD]3+ and [CB[7]•K•TTDD]3+ complexes.
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The other important observation is the formation of CB[7] ternary complexes. Initially, I expected
the TTDD molecule to thread through both the CB[7] molecules while forming the +2 ternary
complex. However, modelling suggests that TTDD is strongly bound to one of the CB[7] hosts
(threaded through it) and weakly bound to the other.
5-6(a).

5- 6(b).

Figure 5-6. Ternary structures of CB7-TTDD complexes. a) [(CB[7])2•TTDD]2+
b) [(CB[7])2•Na•TTDD]2+
The model structures (Figure 5-6) indicate that the TTDD threads into one of the CB[7]
molecules while hydrogen bonding with the second cucurbituril from the ammonium group on the
other end. Additionally, a quaternary structure is seen with a Na+ ion coordinating with the ether
oxygen atoms and the rim of one of the CB[7] molecules. Both of these larger complexes have the
same charge state and similar CCS measurements.
5.4

Conclusions
The study of cucurbiturils has highly supported the investigation of artificial ion channels

and scientists have also constructed protein assemblies by host-guest interactions with
cucurbiturils.24 Likewise, a new advancement in nano-technology has been achieved with the study
of cucurbiturils. CB-based supramolecular engineered nanostructured materials has been prepared
for potential applications in the areas of nanomedicine, plasmonics and nanocatalysis.25 The
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complexation of CBs with TTDD opens a lot of opportunities for increasing its potential in the
field of nanotechnology as TTDD has already proven to be a very important ingredient in the
synthesis of nanodots.6 The quadruply-charged [MC5-2TTDD]4+ complex has two free ammonium
ions at the two extremes, which roughly resembles a single [TTDD]2+ ion. Similarly, formation of
ternary and quaternary complexes using two CB molecules is intriguing as this provides a way to
bind two big cage hosts which is rare and would open doors for other possibilities. Therefore, I am
assured that this study will have a good impact in the scientific community beyond cucurbituril
studies.
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CHAPTER 6: Effects of Charge State and Charge Distribution on the Ion Mobility in
Nitrogen of Rigid Molecules: Cucurbiturils

6.1

Introduction
Ion mobility spectrometry (IMS) is a separation technique for ions in the gas phase and it

has seen exponential growth over the years due to its powerful analytical capability when
interfaced with a mass spectrometer. It is widely used to measure the mobility or collision crosssection of ions.1 Due to wide compatibility with other techniques and the multi-dimensional
capabilities it adds, IMS has revolutionized the study and characterization of stoichiometry, shape,
and other aspects of protein complex structure.2 Proteins are found to have multiple charge states
in the gas phase and the average charge states of native-like protein complex cations have been
found to be highly correlated with mass and solvent-accessible surface area.3-5 It is often noticed
that ions with higher charge states tend to have higher collision cross-sections, which is usually
attributed to Coulomb repulsion – induced unfolding of molecules. However, experts also believe
that long – range ion-neutral interaction also contributes to the change in CCS values to a small
extent.6-8 It has been found that lower charge states are closest to the native protein structure.
Higher charge states in a protein indicate a notable degree of unfolding that has been studied using
ion mobility experiments.8-14 This change in structure leads to an increase in CCS. Recent studies
have shown that smaller proteins have structures and CCS more sensitive to charge states than
larger proteins.8 Additionally, the effect of charge state on the change in CCS is found to be small
and difficult to measure. Hence, it is believed that actual structural change plays an important role
in the mobility that changes the CCS for ions rather than long-range ion neutral interactions
affecting the CCS.2, 7, 8
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To test this idea, I examined rigid host-guest systems (which cannot unfold) that modeling
suggests have very similar physical sizes independent of charge state. Cucurbituril-metal
complexes of different types and different charge states were analyzed. Singly-charged complexes
having a charging agent at one of the portals are compared with doubly-charged complexes (having
a single charge at each portal or having a double charge at one of the portals) and triply-charged
complexes.
Cucurbituril host molecules were used for probing the effects of charge state on CCS
measurements. Cucurbiturils15-18 (Figure 6-1) are hollow, rigid pumpkin-shaped ditopic
macrocyclic compounds with a molecular mass ranging between 800 and 1500 daltons. These are
made by condensation of glycoluril and formaldehyde. The size of the cucurbituril depends on the
number of glycourils that are connected by methylene bridges to form the structure. Each
cucurbituril contains two identical portals that contain carbonyl oxygens.15-19 These portals are
excellent binding sites for cationic species like alkali metal ions. On the other hand, the interior or
the cavity is non-polar and can bind neutrals.19-21 Therefore, these molecules resemble channel
proteins and are good models for understanding bigger systems. Likewise, their ability to form
rotaxane structures has made them a good prospect for uses like drug encapsulation, multiple guest
inclusion, promotion of reactions via stereochemical control, etc.17, 19, 22-24

Figure 6-1: Cucurbit[6]uril
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6.1.1 Multiple Charge States and Charge Distributions in Cucurbiturils
In Figure 6-2, multiple charge states of decamethylcucurbit[5]uril (MC5) complexed with
different metal ions are shown. Figure 6-2a represents a singly-charged MC5 complex with one
sodium ion. Similar singly-charged complexes can be formed by other alkali metal ions or other
singly-charged cationic species. In Figure 6-2b, two single charges are at each of the portals
forming a doubly-charged complex. A doubly-charged complex can also be formed by having a
doubly-charged ion, as, for example, an alkaline earth metal ion, at one of the portals (Figure 62c). The difference here is that a dense charge is placed at one of the portals instead of having 2
distributed charges. Finally, a triply-charged complex is shown in Figure 6-2d, formed by having
a doubly-charged metal ion on one portal and an alkali metal ion on the other portal. These
represent important systems used for this study. These complexes all have similar physical sizes
despite the charge state and charge distribution.

a) [MC5+Na]+

b) [MC5+2Na]2+

c) [MC5+Ba]2+

d) [MC5+Ba+Na]3+

Figure 6-2. Different charge states of decamethylcucurbit[5]uril (MC[5])-metal
complexes.

6.2

Experimental

6.2.1

Materials
CB[5], MC[5], CB[6], CB[7], barium iodide and stronium chloride (purity > 98%) were

purchased from Sigma, and acetic acid (glacial) was purchased from Fisher Scientific. These
chemicals were used without any additional purification. 20 µM CB[n] solution was prepared in
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50:50 methanol/water and 0.5-1% acetic acid. 20 µM of SrCl2, BaI2 were mixed with each CB[n]
and the samples were electrosprayed at a flow rate of 40-50 µl/hr.
6.2.2 Instrumentation
An Agilent 6560 Drift Tube Ion Mobility Spectrometer (DTIMS)-time-of-flight instrument
was used for experimental CCS measurements. The instrument is based on the DTIMS-MS
mechanism and has been described previously.25 Briefly, it consists of a uniform field ion mobility
spectrometer using nitrogen as the drift gas, placed between two ion funnel stages. The front ion
funnel stage contains two sections where the ions are focused, trapped and released into the drift
tube. After the ions are separated in the drift tube, the ions are refocused into the collision cell,
then transmitted to a quadrupole time-of-flight (Q-TOF) mass spectrometer.
The stepped-field method was used for CCS measurements,26 varying the overall voltage
drop across the IMS from 1000-1700 V in 8 increments and averaging data for 1 minute at each
field setting. The drift time of each ion is a function of different experimental parameters and this
value can be used to measure the collision cross section (CCS) via the Mason-Schamp equation.1,
27

6.3

Computational
Modelling in Spartan ’18 (Wavefunction, Inc.; Irvine, CA) began with a conformational

search using the MMFF94 force field.28,

29

Low energy structures found using MMFF were

optimized using B3LYP/6-31G*30 to yield structures and relative energies. Computational CCS
values corresponding to these structures were calculated using IMoS31, 32 in N2 with the projection
approximation33 and with the trajectory method34, 35 with quadrupole moment included and partial
ESP charges.
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6.4

Results

6.4.1 Effect of Charge State and Charge Distribution
Experiments were carried out on different types of cucurbituril complexes, with different
sizes. The smallest cucurbituril, CB[5], formed 3 types of complexes with the cations, based on
charge states and charge distribution. A singly-charged complex formed when a singly-charged
cation was attached to one of the portals. Similarly, a doubly-charged complex formed with a
single charge at each of the two portals of CB[5]. Finally a third type of complex was observed
where a double charge was attached at one of the portals of CB[5]. Triply-charged complexes were
not detected for CB[5].
The remaining cucurbiturils also formed all of the same types of complexes as were
observed for CB[5]. However, triply-charged complexes for these bigger cucurbiturils, formed by
having a double charge at one of the portals and a single charge at the other portal, were
additionally observed. Doubly-charged complexes and triply-charged complexes having anions
like bromide were also detected for these cucurbiturils.
In Figure 6-3, common trend for all the different types of cucurbiturils is shown. The
singly-charged complexes have lower CCS values than the doubly-charged complexes, which
again have lower CCS values than the triply-charged complexes despite having similar physical
sizes. The CCS difference is the highest in CB5 (>10%, between 1+ and 2+ complexes). This is
the smallest and the most rigid of all the cucurbiturils. Another interesting trend is seen between
different types of doubly-charged complexes. The doubly-charged complexes with a dense charge
on one of the portals have higher CCS values than the doubly-charged complexes with distributed
charges. This trend is seen with CB5, MC5 and CB6 complexes. However, with CB7, distributed
charges tend to give slightly less or equal CCS compared with dense charge at one of the portals.
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Figure 6-3. CCS comparison for various charge states and charge distribution of
cucurbituril-metal complexes. Error bars represent the larger of the standard
error from the stepped-field method or the standard deviation from 3 or more
replicates.

6.4.2

Comparison of Experimental Results with Projection Approximation (PA) and

Trajectory Method Calculations
Since the projection approximation does not take long-range ion-neutral interactions into
account, it is a good measure of the physical size of the complex. This is why CCS is calculated in
N2 using both the projection approximation (PA) and the trajectory method (TJ), as the latter does
account for long-range interactions. This allowed comparison of CB[n] complexes having different
charge states and having different charge distributions. Figure 6-4 illustrates the comparison of
different [MC5•metal]n+ complexes with a singly-charged [MC5•Na]+ complex. It is obvious from
the figure that the PA method gives similar CCS values for almost all of the complexes (the CCS
ratio relative to the [MC5•Na]+ complex is close to 1). Therefore, this strongly suggests that all of
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these complexes have similar physical sizes despite the differences in charge states and charge
distributions. Whereas, TJ calculations find different CCS ratios for the complexes. The charge
state plays a major role in these CCS calculations: higher charge states have higher CCS values.
A charge distribution effect is also evident as complexes with dense charges, i.e. [MC5•Sr]2+ and
[MC5•Ba]2+, have higher measured and computed CCS than the doubly-charged complexes having
two single charges at each portal. The TJ calculations are also in very good agreement with the
rest of the experimental measurements, suggesting a strong effect of long-range ion-neutral
interactions in the experimental CCS measurements.

Figure 6-4. Experimental and computed (trajectory method and projection
approximation) CCS ratios for MC5 complexes with different charge states and
charge distributions. Results for other CB[n] are similar. Error bars represent the
larger of the standard error from the stepped-field method or the standard
deviation from 3 or more replicates.
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6.4.3 Neutral Methanol (MeOH) as a Dielectric
MC5 easily forms complexes with neutral MeOH inside its cavity. These complexes were
observed where both the portals of MC5 were occupied with cations. Because the complexes had
the same charge and external structure, the CCS was very similar for MC5 complexes with and
without neutral methanol. However, a consistent trend was seen for every pair observed, which is
that the empty MC5 complex had a smaller CCS than the corresponding complex with a methanol
inside, by 1-2%. If methanol were to act as a dielectric between the two charges, the cross section
should decrease if there were any dipole-induced shielding of the two charges, because decreased
mutual repulsion would result in shrinking the complex. However, the observed trend in Figure
6-5 is the opposite. This suggests that effects of methanol on the repulsion between the two charges
at the portals is negligible.

Figure 6-5. IMS CCS comparison for CB5 and MC5 complexes with and without a
neutral methanol guest. Error bars represent the larger of the standard error from
the stepped-field method or the standard deviation from 3 or more replicates.
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6.4.4

Helium as the Drift Gas
Since nitrogen gas has higher polarizability, its effect on the long range ion-neutral

interactions is higher than that of helium. Therefore, some of these experiments were done in
helium to confirm that the effects are real and charge dependent. Figure 6-6 shows the direct
comparison of CCS ratios of different CB[5]•metal complexes in nitrogen and helium drift gases.
The results are generally consistent with expectations for these two drift gases; charge state matters
more in nitrogen than in helium.36-38 The difference between singly-charged and doubly-charged
complexes is greater when nitrogen is used as the drift gas. To my surprise, the charge distribution
affects the CCS more in helium than in nitrogen. The doubly-charged CB[5] complexes with a
double charge at one of the portals has a higher CCS difference than the corresponding doublycharged [CB5] with single charges at each portal when the drift gas is He.

Figure 6-6. IMS CCS comparison for CB5-metal complexes in He and N2. Error
bars represent the larger of the standard error from the stepped-field method or the
standard deviation from 3 or more replicates.
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6.4.5

Comparison of Doubly-charged Complexes with Different-sized Alkaline Earth Metal

Complexes; Study of Center-of-Mass Shift Effects
As noted above, charge distribution effects were evident even when using He drift gas. It
is important to consider alternate explanations for these observations, including the shift of center
of mass that occurs when a heavy cation is placed on only one of the portals. Because the CCS
measurements are rotationally averaged, some change in CCS might occur just with the change in
the position of the center-of-mass of the complex when going from a mass-symmetric complex
such as [CB[5]Na2]2+, in which the center-of-mass coincides with the geometric center of the
complex, to an asymmetric complex such as [CB[5]Ba]2+, in which the center-of-mass (and
therefore the center of rotation) is shifted away from the geometric center. Therefore, the CCS
values for complexes having similar charge state and charge distribution but different mass
distributions were compared. For this purpose, CB5 and MC5 complexes with different alkaline
earth metals were examined. In Figure 6-7, three alkaline earth metal complexes of CB[5] and
MC5 are compared. The relative trend for the complexes is the same for both CB[5] and MC5. We
observe slight differences in relative CCS values ( approx. 1-2%) with the change in mass of the
metal. For both hosts, the complex with calcium has the lowest CCS ratio whereas the complex
with barium has the highest CCS ratio. The shift in CCS with alkaline earth cation is greater for
CB[5] than it is for MC5.
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Figure 6-7. IMS CCS comparison for CB[5] and MC[5] complexes with different cations in
He drift gas. Error bars represent the larger of the standard error from the stepped-field
method or the standard deviation from 3 or more replicates.

6.5

Discussion

6.5.1 Effects of Charge State and Charge Distribution
Since cucurbiturils are well known rigid ditopic ligands19, the change in shape due to the
interaction between charges is small. PA calculations in Figure 6-4, provide additional evidence
which shows that the rotationally averaged projection changes by no more than 1-2% as the charge
is increased. This effect is seen in the rest of the CB complexes in addition to MC5 (Appendix B,
Figure B-1). However, from Figure 6-3, it is clear there is a drastic change in CCS for all
cucurbiturils as the charge increases. Hence, long-range ion-neutral interactions play an important
role in the mobility of the ions.
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Similarly, charge distribution also affected the CCS, which is particularly seen with smaller
cucurbiturils like CB[5], MC5 and CB[6]. One of the possibilities that could potentially change
the CCS here is that the size of the atoms involved are different. Ca is smaller than Sr which is
again smaller than Ba. However, the projection approximation calculations, which also account
for changes in atomic radii, suggest that all of the complexes with various charge states and charge
distributions have similar physical sizes. It is therefore evident that these different observed CCS
values are due to the charges, their placement, and their interactions with the neutral gas in the
drift tube.
I also note the change in CCS with each additional charge (Figure 6-8). When comparing
the change in CCS with each additional charge on an MC5 host, the change in cross-section
increases as charge increases. A doubly-charged complex has a higher IMS CCS than a singlycharged complex by about 10%, while a triply-charged complex has about 15% higher CCS than
a doubly-charged complex. This trend is similar in all of the cucurbiturils examined (except for
CB[5], where a triply-charged complex is not observed). Likewise, there is an increment in CCS
by about 6-8% when there is a dense charge at one of the portals rather than having the same
charge, but distributed on both portals. Unfortunately, there are limitations to adding charges to
cucurbiturils as they are ditopic and hence higher charge states could not be studied. Therefore,
higher charge states and more complex charge distributions were not examined.
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Figure 6-8. Change in CCS with change in charge state or charge distribution.
Error bars represent the larger of the standard error from the stepped-field method
or the standard deviation from 3 or more replicates.

6.5.2

Neutral Methanol as Dielectric
CB[5] and MC5 complexes with a neutral methanol guest were detected in doubly-charged

complexes with alkali metals at each portal, encapsulating the MeOH molecule. Though the CCS
is similar for corresponding empty and MeOH-filled complexes, there is an increase in CCS
whenever there is a MeOH guest in the cavity. Neutral MeOH has been previously shown to fit
inside the cavity of CB[5] and MC5 to form complexes.39 This methanol can be thought of as
acting as a dielectric between the two charges, reducing the repulsion between them. However, it
is clear that the Coulombic repulsion (between the two charges) has little effect on the size of the
complex as the size of the complexes did not change by much, and in fact increased when a MeOH
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molecule was in the cavity, rather than decreasing as would be expected if charge shielding played
a role. The possible reason for this might be that putting a methanol inside might cause steric
repulsion that prevents the metal cations from binding as deeply in the complex as they would if
the methanol were not present. Therefore, this could cause an increase in CCS in all of the
complexes with neutral methanol as a guest.
6.5.3

CCS Measurements in N2 vs. He
The polarizabilities of N2 and He are different. This is why cross-section measurement

varies for the same complex while using N2 or He gases.37, 40 N2 has higher polarizability than He.
Therefore, the magnitude of the change in CCS due to charge should be less in He than in N2. 25,
41

The CCS ratios observed (Figure 6-6) were usually higher in nitrogen than in helium.

Surprisingly, the CCS ratios for doubly-charged complexes involving Sr or Ba when compared to
complexes with two Na atoms (one at each portal) are greater in He than in N2. This is probably
due to the fact that the instrument is still using N2 in the ion funnels prior to the drift tube even
when the drift tube gas is switched to He. Moreover, there was no control of the pressure in the
funnels, and this is known to greatly affect the CCS measurement.27 This could have affected the
calibration, causing the difference in measurement, though the possibility of large errors is
decreased because CCS ratios were measured rather than absolute CCS values.
6.5.4

Center-of-Mass Shift and its Effects on CCS
There is significant center-of- mass shift when a single dense charge is present instead of

two distributed charges. Because the ions are rotationally averaged when making CCS
measurements, it is possible that this effect might cause differences in the mobility. In Figure 6-7,
both CB[5] and MC5 complexes have similar trends of increase in CCS with increase in the mass
of the alkaline earth metal ion located at one of the portals. Since the PA calculations on these
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systems (Appendix B, Figure B-1) do not show a significant change in CCS, the effect of the size
of the metal ions in the overall CCS value is negligible. Hence, this suggests that there is a
measurable effect arising from location of the cation in the complex and a center-of-mass shift in
the CCS measurement. We also did PA calculations on these systems by varying the radius of the
molecules based on the shift of center of mass (Appendix B, Figure B-1). However, the effect on
the computed CCS was negligible. Therefore, the effect of center-of-mass shift is small compared
to the effect of the charge distribution.
6.6

Conclusions
Rigid structures like CB[n]•metal complexes with higher and more concentrated charges

yield higher IMS CCS values even though the ions have nearly identical physical sizes. The
magnitude of the charge effect depends on size of the ion; smaller ions tend to have higher
difference in CCS with each additional charge than larger ions. This is also the case for the charge
distribution effect. Smaller ions like CB[5], MC5 and CB[6] show an increase in CCS when a
doubly-charged ion is placed in one of the portals rather than having two single charges at two
portals. The change in center of mass that happens with the uneven mass distribution has a small
effect in changing the CCS. Regarding the computational calculations, projection approximation
calculations, which do not account for long-range ion-neutral interactions, give similar CCS values
that reflect the size of the CB[n] regardless of charge. Trajectory method calculations, which do
take long–range ion-neutral interactions into account, find CCS values that are larger for
complexes with higher charges and denser charges. This study can be used to understand the
importance of long-range ion-neutral interactions in the measurement of CCS in an ion mobility
instrument.
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CHAPTER 7: Summary and Perspective

Cucurbiturils have been continuously studied since the early 1980s because of their unique
structure and properties as synthetic receptors, and the ability to serve as building blocks for the
construction of supramolecular architectures. This research is based on the fact that cucurbiturils
can act as components of molecular machines and are good models for understanding larger caged
complexes and host-guest interactions in those complexes. IMS techniques were successfully
applied to measure the collision cross-sections and dissociation energies of different cucurbituril
complexes. In one of the studies, the CCS measurements provided evidence for negative
allosterism in CB[6]-alkylammonium complexes. Longer alkylammonium chains, which usually
preferred to be threaded through the cucurbituril cavity, were forced to bind externally in the
presence of a cation on one of the portals. A weakly-bound cation like guanidinium could form
both external and internal complexes for some of the alkylammoniums.
Similarly, the formation of ternary and quaternary complexes using two CB[7] molecules
and a TTDD molecule was demonstrated. Since cucurbiturils are ditopic, putting more than two
charges on the system is challenging. However, using the TTDD guest molecule, quadruplycharged complexes of CB[5] and MC[5] were formed, which were detected at low-voltage ion
source conditions.
The effect of charge state on the CCS of ions is probably underappreciated, yet chargeinduced unfolding has been a topic of interest for many biochemists. Proteins and many other
biomolecules are known to exhibit multiple charge states when electrosprayed, and CCS is
observed to vary with the charge state. These biomolecules fold and unfold depending on the
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charge state and other conditions. The complexity of most biomolecules makes it difficult to study
the individual effects of charge-induced Coulombic repulsions and the interactions of the drift gas
with the ions, which contributes to the CCS measurement. Cucurbiturils served us as a controlled,
rigid system that was used to study the long-range ion-neutral interactions happening in the drift
region of an ion mobility instrument. The effects of charge state and also charge distribution on
the IMS-measured CCS of the ions were demonstrated. A systematic increase in CCS was
observed with increase in charge. Triply-charged complexes had larger measured CCS than
doubly-charged complexes, which had larger CCS than singly-charged complexes, though all had
similar physical sizes. When comparing the same charge state, complexes with distributed charges
had lower measured CCS values than complexes having a dense charge at one side of the host.
This was especially seen with smaller and more rigid cucurbiturils like CB[5], MC[5] and CB[6].
Theoretical calculations using projection approximation (PA) and trajectory method (TM)
approaches provided additional evidence to support the experimental results.
This dissertation highlights the versatility of cucurbiturils along with the advantages of ion
mobility spectrometry. However, some areas need further studies. IRMPD experiments on these
host-guest systems look feasible based on computational studies and CID experiments. It is
possible these experiments could be carried out on a more adaptable laser system like the freeelectron laser at the FELIX lab. Since that instrument can emit IR over a much greater frequency
range, that would facilitate more detailed structural information about these complexes.
Furthermore, multi-CRAFTI experiments could be done in Xe to improve the CCS accuracy for
more massive complexes. As Xe is much heavier than Ar, and it has only translational degrees of
freedom (unlike SF6), it could give better results with heavier target ions.
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APPENDIX A

Table A-1: Absolute CCS values measured using IMS in N2.
Complex

CCS (Å2)

SD (Å2)

[CB[5]Na]+

240.1

0.4

[CB[5]•methylammonium]+

243.8

1.1

[CB[5]•ethylammonium]+

246.3

0.5

[CB[5]•n-propylammonium]+

251.3

1.3

[CB[5]•n-butylammonium]+

255.9

0.6

[CB[5]•n-pentylammonium]+

261.3

0.8

[CB[5]•n-hexylammonium]+

266.6

0.3

[CB[5]•n-heptylammonium]+

270.7

2.3

[CB[5]•n-octylammonium]+

272.3

1.0

[CB[5]•n-nonylammonium]+

276.3

1.3

[CB[5]Na2]2+

274.5

0.6

[CB[5]•Na•methylammonium]2+

276.0

1.3

[CB[5]•Na•ethylammonium]2+

278.6

0.5

[CB[5]•Na•n-propylammonium]2+

282.8

1.5

[CB[5]•Na•n-butylammonium]2+

287.2

0.8

[CB[5]•Na•n-pentylammonium]2+

291.9

0.9

[CB[5]•Na•n-hexylammonium]2+

296.6

0.3

[CB[5]•Na•n-heptylammonium]2+

300.7

2.6
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[CB[5]•Na•n-octylammonium]2+

302.1

1.2

[CB[5]•Na•n-nonylammonium]2+

304.6

1.3

[CB[5](methylammonium)2]2+

277.2

1.2

[CB[5](ethylammonium)2]2+

283.1

0.5

[CB[5](n-propylammonium)2]2+

291.3

1.6

[CB[5](n-butylammonium)2]2+

300.2

0.8

[CB[5](n-pentylammonium)2]2+

310.0

1.0

[CB[5](n-hexylammonium)2]2+

319.6

0.3

[CB[5](n-heptylammonium)2]2+

329.8

3.0

[CB[5](n-octylammonium)2]2+

330.8

1.4

[CB[5](n-nonylammonium)2]2+

336.0

1.4

[CB[6]Na]+

274.9

0.7

[CB[6]•methylammonium]+

273.5

0.7

[CB[6]•ethylammonium]+

275.1

0.5

[CB[6]•n-propylammonium]+

276.9

1.7

[CB[6]•n-butylammonium]+

277.1

1.4

[CB[6]•n-pentylammonium]+ (small)

278.1

0.2

[CB[6]•n-pentylammonium]+ (large)

292.2

0.4

[CB[6]•n-hexylammonium]+ (small)

278.5

0.7

[CB[6]•n-hexylammonium]+ (large)

295.7

0.9

[CB[6]•n-heptylammonium]+ (small)

282.1

0.8

[CB[6]•n-heptylammonium]+ (large)

300.4

0.7
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[CB[6]•n-octylammonium]+ (small)

283.8

0.9

[CB[6]•n-octylammonium]+ (large)

302.0

0.9

[CB[6]•n-nonylammonium]+ (small)

290.0

0.8

[CB[6]•n-nonylammonium]+ (large)

306.4

0.9

[CB[6]Na2]2+

301.3

0.3

[CB[6]•Na•methylammonium]2+

301.7

0.2

[CB[6]•Na•ethylammonium]2+

303.7

0.1

[CB[6]•Na•n-propylammonium]2+

305.2

0.3

[CB[6]•Na•n-butylammonium]2+

305.9

0.6

[CB[6]•Na•n-pentylammonium]2+

316.1

0.7

[CB[6]•Na•n-hexylammonium]2+

321.4

0.7

[CB[6]•Na•n-heptylammonium]2+

323.2

0.9

[CB[6]•Na•n-octylammonium]2+

327.4

0.6

[CB[6]•Na•n-nonylammonium]2+

329.7

0.2

[CB[6](methylammonium)2]2+

302.3

0.2

[CB[6](ethylammonium)2]2+

307.2

0.6

[CB[6](n-propylammonium)2]2+

311.7

0.4

[CB[6](n-butylammonium)2]2+

317.9

0.7

[CB[6](n-pentylammonium)2]2+ (small)

322.8

1.5

[CB[6](n-pentylammonium)2]2+ (large)

330.8

0.3

[CB[6](n-hexylammonium)2]2+

341.9

0.7

[CB[6](n-heptylammonium)2]2+

347.7

0.8
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[CB[6](n-octylammonium)2]2+

354.4

1.2

[CB[6](n-nonylammonium)2]2+

359.3

0.4

[CB[6](methylammonium)(ethylammonium)]2+

303.6

0.3

[CB[6](methylammonium)(n-propylammonium)]2+

303.7

0.3

[CB[6](methylammonium)(n-butylammonium)]2+

303.8

0.3

[CB[6](methylammonium)(n-pentylammonium)]2

317.2

0.5

[CB[6](methylammonium)(n-hexylammonium)]2+

321.7

0.2

[CB[6](ethylammonium)(n-propylammonium)]2+

308.6

0.2

[CB[6](ethylammonium)(n-butylammonium)]2+

307.2

0.3

[CB[6](ethylammonium)(n-pentylammonium)]2

319.2

0.7

[CB[6](ethylammonium)(n-hexylammonium)]2+

323.6

0.3

[CB[6](n-propylammonium)(n-butylammonium)]2+

313.5

0.2

[CB[6](n-propylammonium)(n-pentylammonium)]2

322.0

0.3

[CB[6](n-propylammonium)(n-hexylammonium)]2+

325.2

0.2

[CB[6](n-butylammonium)(n-pentylammonium)]2

321.6

0.5

[CB[6](n-butylammonium)(n-hexylammonium)]2+

325.3

1.1

[CB[6](n-pentylammonium)(n-hexylammonium)]2+

338.0

0.1

[CB[6]•H•n-propylammonium]2+

304.8

0.5

[CB[6]•H•n-butylammonium]2+

305.4

0.4

[CB[6]•H•n-pentylammonium]2+ (small)

305.7

0.4

[CB[6]•H•n-pentylammonium]2+ (large)

317.3

0.2

[CB[6]•H•n-hexylammonium]2+

320.6

0.3
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[CB[6]•Li•n-propylammonium]2+

306.3

0.8

[CB[6]•Li•n-butylammonium]2+

308.2

0.2

[CB[6]•Li•n-pentylammonium]2+

315.3

0.7

[CB[6]•Li•n-hexylammonium]2+

320.6

0.2

[CB[6]•K•n-propylammonium]2+

306.6

0.5

[CB[6]•K•n-butylammonium]2+

306.3

1.0

[CB[6]•K•n-pentylammonium]2+

317.8

0.6

[CB[6]•K•n-hexylammonium]2+

323.2

0.3

[CB[6]•Cs•n-propylammonium]2+

304.9

0.3

[CB[6]•Cs•n-butylammonium]2+

304.6

0.5

[CB[6]•Cs•n-pentylammonium]2+

314.4

0.3

[CB[6]•Cs•n-hexylammonium]2+

319.8

1.0

[CB[6]•NH4•n-propylammonium]2+

305.9

0.2

[CB[6]•NH4•n-butylammonium]2+

305.4

0.3

[CB[6]•NH4•n-pentylammonium]2+

316.8

0.2

[CB[6]•NH4•n-hexylammonium]2+

320.9

0.3

[CB[6]•guanidinium•n-propylammonium]2+

304.7

0.6

[CB[6]•guanidinium•n-butylammonium]2+

307.6

0.4

[CB[6]•guanidinium•n-pentylammonium]2+ (small)

306.6

0.1

[CB[6]•guanidinium•n-pentylammonium]2+ (large)

320.0

0.2

[CB[6]•guanidinium•n-hexylammonium]2+ (small)

308.2

0.3

[CB[6]•guanidinium•n-hexylammonium]2+ (large)

323.1

0.3
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Figure A-1: Experimental mass spectrum and arrival time distribution along with the
abundance map for isomeric structures of [CB[6]•n-pentylammonium]+. Two drift
times at 39 ms and 40.98 ms are seen from the same complex, suggesting two isomers.

Figure A-2: Absolute collision cross sections in N2 measured using ion mobility for
complexes with the formula [CB[6]•M•n-alkylammonium]2+, where alkylammonium is
as described in the legend and M is another singly-charged cation, listed. Error bars
are standard deviations from multiple measurements.
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Figure A-3: Precursor survival yield curves for [CB[6]•M2]2+, where M is a singly-charged
cation. In each case, dissociation occurs by loss of M+. Lines are sigmoidal fits to the data.
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APPENDIX B

Table B-1: Computed CCS values in N2 and He using Projection Approximation and
Trajectory Method.
CB5
Sr
2Sr+I
2Sr+Br
Ba
2Ba+I
2Ba+Br
Na
2Na
Sr+Na
Sr+I+Na
Sr+Br+Na
Ba+Na
Ba+I+Na
Ba+Br+Na
MC5
Sr
2Sr+I
2Sr+Br
Ba
2Ba+I
2Ba+Br
Na
2Na
Sr+Na
Sr+I+Na
Sr+Br+Na
Ba+Na
Ba+I+Na
Ba+Br+Na
CB6
Sr

charge

charge

charge

2
3
3
2
3
3
1
2
3
2
2
3
2
2
2
3
3
2
3
3
1
2
3
2
2
3
2
2
2

N2
CCS - TM
290.3052
368.901
358.7976
293.3266
380.5199
368.255
254.0548
279.4559
338.4584
315.4696
303.2744
342.5313
316.9463
305.337
CCS - TM
317.3913
417.0805
387.5349
322.4952
424.9741
394.2282
285.2898
310.0171
363.284
333.0565
331.0325
369.7903
335.114
337.3918
CCS - TM
317.8318

N2
CCS - PA
174.8444
184.2498
183.1191
176.0223
189.2443
189.6504
171.7761
172.0738
175.5681
183.1423
183.9842
177.0256
183.9556
184.0091
CCS - PA
201.5146
215.5996
212.4365
203.2334
217.291
216.9843
198.2385
198.7658
203.2558
208.5006
212.0054
205.1615
210.0769
213.8357
CCS - PA
199.6369

He
CCS - TM
160.0342
174.5951
173.8909
161.6707
178.5772
182.9905
154.477
156.6983
164.9896
167.7017
171.1608
166.8275
170.1524
167.6005
CCS - TM
185.1186
202.6456
203.251
186.7234
207.2061
206.9249
180.135
182.0389
189.4461
189.7267
196.0765
191.7546
191.7069
198.2008
CCS - TM
188.4288
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He
CCS - PA
160.4842
168.5128
167.9858
162.0722
174.5198
174.2193
157.4028
157.0752
161.1142
167.7043
169.0862
162.6078
168.4566
169.5572
CCS - PA
184.862
198.5126
195.8901
187.6697
201.9261
200.1686
183.8605
183.2804
187.9194
192.2696
194.6534
188.7021
194.3024
195.9768
CCS - PA
194.4856

2Sr+I
2Sr+Br
Ba
2Ba+I
2Ba+Br
Na
2Na
Sr+Na
Sr+I+Na
Sr+Br+Na
Ba+Na
Ba+I+Na
Ba+Br+Na
CB7
Sr
2Sr+I
2Sr+Br
Ba
2Ba+I
2Ba+Br
Na
2Na
Sr+Na
Sr+I+Na
Sr+Br+Na
Ba+Na
Ba+I+Na
Ba+Br+Na

charge

3
3
2
3
3
1
2
3
2
2
3
2
2
2
3
3
2
3
3
1
2
3
2
2
3
2
2

389.3256
377.4146
318.9391
390.3005
374.036
294.8388
316.3234
361.4511
344.6977
332.7891
363.4974
344.397
332.13
CCS - TM
360.1674
437.8363
404.6342
361.4163
442.1017
404.1551
327.8826
352.3754
396.3319
381.5138
366.033
396.1217
381.3562
368.9488

205.692
207.3774
200.8032
207.2856
208.8675
201.4809
203.4488
201.605
208.7194
206.7312
202.5144
210.5799
207.721
CCS - PA
226.9845
237.6526
230.8719
229.3829
242.0168
236.0745
225.0645
232.9993
228.6078
237.284
234.2201
231.7216
237.4024
238.4703

198.6208
198.3648
188.5238
200.2831
198.4708
183.1514
186.0123
191.9078
195.4757
194.7553
193.2487
195.8241
195.3443
CCS - TM
214.3173
231.8861
225.0494
214.7644
234.8014
227.9158
207.1493
211.0841
218.8951
223.8768
223.3154
220.8486
223.4102
225.3276

188.6119
191.0478
195.0542
192.1025
192.2356
194.3067
195.548
185.0097
204.4323
201.1921
186.2796
204.9784
203.7214
CCS - PA
220.1191
218.8212
215.0228
222.0769
224.0252
219.1187
216.1191
217.7276
211.7633
232.449
230.2445
213.9946
232.8608
233.1422

Table B-2: Computed CCS values in N2 and He using Projection Approximation and
Trajectory Method for complexes with MeOH guest.

MC5
Charge MeOH In TM
2Na+MeOH
2
313.63
2Cs+MeOH
2
310.95
Sr+Na+MeOH
3
366.54
Sr+K+MeOH
3
363.32
Sr+Cs+MeOH
3
365.63
Ba+Na+MeOH
3
368.63

N2
MeOH
Out
TM
316.15
324.01
368.80
367.68
367.06
372.89

MeOH
In PA
197.95
223.67
202.55
206.39
213.47
204.43
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MeOH
Out
PA
206.85
232.26
213.45
217.11
224.27
216.27

MeOH
In TM
181.39
193.61
189.35
190.01
194.70
191.23

MeOH
Out
TM
192.65
206.39
202.97
202.30
207.01
204.82

He
MeOH MeOH
In PA
Out PA
180.40 192.27
207.22 214.64
187.18 195.41
190.84 200.26
198.22 207.57
189.01 199.79

Ba+K+MeOH
Ba+Cs+MeOH

3
3

367.37 372.06 207.60 219.82 191.16 204.88 191.40
363.59 374.95 215.95 227.70 195.50 209.37 199.60

He - PA
162
160
158
156

Fixed
charge,
radii,
location

Even
Fixed Fixed
Even
Fixed Fixed
Even
charge, radii, Charge, charge, Location Charge, charge,
fixed location Location fixed
Radii
fixed
radii,
location
radii
location
Mg

Ca

Sr

Ba

Fixed
Radii

Fixed
Even Nothing
charge Charge Fixed

2Na

Figure B-1: Comparison of computed CCS for doubly charged complexes of MC5 with
different cations using PA calculations in He.

He - TM
175
170
165
160
155
150

Fixed
charge,
radii,
location

Even
Fixed Fixed
Even
Fixed Fixed
Even
Fixed
charge, radii, Charge, charge, Location Charge, charge, Radii
fixed location Location fixed
Radii
fixed
radii,
location
radii
location
Mg

Ca

Sr

Ba

Fixed
Even Nothing
charge Charge Fixed

2Na

Figure B-2: Comparison of computed CCS for doubly charged complexes of MC5 with
different cations using TM calculations in He.
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202.57
210.12

